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Abstract 
 
Bioenergy crops provide a potentially carbon neutral, secure and abundant alternative to 
fossil fuels.  To understand the land areas needed to achieve bioenergy at scale, primary 
information on the comparative productivity and sustainability of potential feedstocks in time 
and space is critical.  Two C4 perennial grasses, Miscanthus x giganteus and Panicum virgatum 
(switchgrass), have both been promoted as productive low-input and sustainable feedstocks for 
the U.S.  Comparative information on yield, fertilizer requirements and feedstock quality of these 
two has not been available either in the long-term (>5 years) or across a wide geography in North 
America.  This dissertation addresses these key gaps, by four studies: 
1) The first long-term side-by-side yield trials of M. x giganteus and P. virgatum 
extending over six to eight consecutive annual harvests at seven locations in the U.S. 
Midwest.  M. x giganteus continually produced yields more than twice that of P. 
virgatum, 23.4 ± 1.2 Mg ha
-1 
y
-1
 and 10.0 ± 0.09 Mg ha
-1 
y
-1
, respectively.  However, 
yields of both M. x giganteus and P. virgatum decline with stand age in Midwestern 
USA, which will require revision of the land area needed for both species to reach 
national cellulosic ethanol targets. 
2)  A split-plot nitrogen fertilization study (0, 67, 134, 202 kg N ha-1) performed over 
three to four years on mature stands of M. x giganteus and P. virgatum at seven 
locations in the U.S. Midwest, the first ever to directly compare the effect of nitrogen 
fertilizer on these two species.  Nitrogen fertilization significantly increases yields of 
stands of M. x giganteus and P. virgatum in multi-year trials in Illinois.  M. x 
giganteus increased from 23.4 Mg ha
-1
 without nitrogen fertilization to 28.9 Mg ha
-1
 
(+ 25%) at 202 kg N ha
-1
 and P. virgatum yield increased from 10.33 Mg ha
-1
 to 13.6 
Mg ha
-1
 (+ 32%).  The gain from nitrogen fertilization was small compared to gains in 
annual grain crops, while substantial yields were obtained without any N fertilization. 
3) Variation in cellulose, hemicellulose, lignin, acetyl, ash, and extractables at seven 
locations of varied soil types, with four nitrogen fertilization levels, and pre- and 
post-senescence sampling on a single genotype of M. x giganteus.  Nitrogen 
fertilization did significantly decrease the proportion of hemicellulose, acetyl, and ash 
and increased cellulose, lignin, and biomass yield.  Delaying harvest from October to 
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December significantly increased the proportion of cellulose, hemicellulose, and 
lignin and decreased the proportion of ash and extractables.  Overall, biochemical 
composition varied remarkably little and the results show that a uniform feedstock 
could be obtained across a region despite environmental variation, if a genetically 
uniform feedstock is used. 
4) Establishment and yield of M. x giganteus and varieties of P. virgatum was tested 
in side-by-side trials at 10 locations in the eastern U.S. (GA, IL, KY, LA, MI, MS, 
NJ, OK, SD, WI) and one in Ontario, Canada.  Establishment was very successful for 
both species at all sites.  Yields at three years, when the crops are considered mature, 
averaged 12.9 Mg ha
-1
 for M. x giganteus and 10.8 Mg ha
-1 
for P. virgatum.  While 
significantly higher for M. x giganteus, the difference is smaller than expected from 
prior studies, and suggests that to meet the national cellulosic ethanol mandate 27 
million hectares of land may be needed rather than the previously predicted 12 
million hectares.   
This project provides the first long-term comparison of M. x giganteus to P. virgatum for 
bioenergy production in the U.S. Midwest.  This work concludes that high yields can be 
maintained in the long-term with minimal inputs and the nitrogen response of M. x giganteus is 
similar to that of P. virgatum. Furthermore, this works shows that a suitable and consistent 
lignocellulosic biomass feedstock is obtained from M. x giganteus.  Finally this project 
demonstrates that both M. x giganteus and P. virgatum can be successfully established across a 
broad geographic range and that high yields are obtained throughout this range.  Growth of M. x 
giganteus and P. virgatum for long-term production of lignocellulosic energy is viable choice to 
reduce carbon emissions relative to conventional fossil fuels.
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Chapter I 
 
General Introduction 
 
Production of biofuels from plant biomass provides the opportunity to reduce carbon 
emissions relative to conventional fossil fuels.  As atmospheric greenhouse gas levels continue to 
rise and awareness of global climate change increases, there is increased demand for low-carbon 
fuel sources stimulated by policy.  In fact, the Renewable Fuel Standard (RFS) established by the 
Energy Independence and Security Act (EISA) of 2007 mandates the production of 133 billion 
liters of biofuel by 2022 (Environmental Protection Agency (EPA) 2012).  Specifically, 58% of 
this, or 80 billion liters, are mandated to come from non-corn starch feedstocks by 2022 and of 
this, 60 billion liters must come from lignocellulosic sources (Environmental Protection Agency 
(EPA) 2012). Biofuels from lignocellulosic sources are also favored by the Food, Conservation, 
Energy Act (FCEA) of 2008, which provides a higher tax credits for blending advanced biofuels 
($0.27 per liter) as opposed to corn ethanol ($0.12 per liter) (Chen et al. 2011).  The corn ethanol 
blender subsidy expired at the end of 2011 (Congressional Record 2004), making the differential 
even greater. 
Large amounts of biomass are needed to meet these mandates for lignocellulosic biofuels.  
In fact 157 million megagrams (Mg) would be needed to meet the 60 billion liters mandate, 
assuming an efficiency of conversion of 380 liters from 1 Mg of dry biomass (Heaton et al. 
2004).  For any bioenergy species or feedstock it is desirable to select a crop which achieves high 
yields with minimal inputs, and sustained long term productivity to minimize the required land 
footprint (Heaton et al. 2004).  Furthermore, a heat and power plant or lignocellulosic fuel 
processing facility is a significant investment which requires a reliable supply of feedstock over 
many years for economic viability.  Stable and predictable yields are therefore necessary over 
many years. 
It is also important to understand how different management regimes affect the yield of 
these crops.  An added environmental benefit of biomass harvested after completion of shoot 
senescence is recycling of nitrogen.  Since in contrast to food and feed uses, nitrogen and 
nutrients are undesirable in the harvested biomass for bioenergy production, this recycling is 
advantageous (Heaton et al. 2009).  However, continuous harvesting of large amounts of 
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biomass could result in the eventual depletion of N soil reserves, even with low N concentrations 
in the harvested biomass.    
Biomass is composed largely of three primary cell wall polymers: cellulose, 
hemicellulose, and lignin (Gomez et al. 2008; Rubin 2008).  Processing of biomass to cellulosic 
fuels generally involves separate streams for dealing with lignin, hemicellulose and cellulose.  
Processing facilities will therefore have limited capability for dealing with varying composition.  
The relative proportion of these three components in a feedstock is known to vary significantly 
and influences ease of conversion to monomer sugars and in turn ethanol yield (Pauly & 
Keegstra 2008; Templeton et al. 2009, 2010). Understanding what causes variation in 
composition of the harvested biomass is therefore a key factor in realizing cellulosic fuels, 
whether via biochemical or thermochemical routes (U.S. Department of Energy (DOE) 2006; 
Hill et al. 2006; Gomez et al. 2008).  However, little is known as to how much the composition 
of second-generation feedstocks such as Miscanthus x giganteus vary in composition with 
environmental variation.  It is essential that feedstock composition is stable, for efficient 
conversion into a fuel product.   
Given the magnitude of material required to meet production mandates, these crops 
should be successful across a broad geographic range. However, model predictions of expected 
biomass yields for a number of crops are currently based on limited information from a narrow 
geographic range (Miguez et al. 2011; Surendran Nair et al. 2012).  Verifying sustained yields of 
bioenergy crops requires comparative trials across a broad range of soils and locations.  
C4 perennial grasses such as Miscanthus x giganteus and Panicum virgatum 
(switchgrass) are being pursued as high yielding, low input bioenergy crops for lignocellulosic 
fuel production. C4 plants are particularly suitable for high biomass production due to increased 
photosynthetic efficiency relative to C3 species and high nitrogen and water use efficiencies.  
Perennials stand out as candidates for bioenergy production because they require fewer inputs, 
are able to reduce erosion and even contribute to carbon sequestration (Heaton et al. 2004; 
Parrish & Fike 2005; Somerville et al. 2010; Dohleman et al. 2012).  Specifically, Miscanthus x 
giganteus Greef and Deuter ex Hodkinson and Renvoize (Greef & Deuter 1993; Hodkinson & 
Renvoize 2001) is a sterile hybrid native to southeast Asia (Linde-Laursen 1993) and was 
originally pursued as a bioenergy species in Europe (Lewandowski et al. 2000). As a sterile 
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hybrid, M. x giganteus must be vegetatively propagated from belowground rhizomes, which 
leads to high establishment costs (Khanna et al. 2008).  Panicum virgatum is a grass native to 
much of the U.S. (Parrish & Fike 2005) and has been designated as a “model” bioenergy species 
among 18 other herbaceous crops (Miscanthus not included) by the U.S. Department of Energy 
(Wright & Turhollow 2010).  Panicum virgatum is typically planted by seed which makes 
establishment costs of this crop lower than that of M. x giganteus (Khanna et al. 2008). Recently, 
interest has grown for bioenergy production from both of these species within the U.S. 
Until recently no studies have examined the productivity of M. x giganteus in the U.S. 
nor has any study directly compared its productivity to that of P. virgatum. Heaton et al. (2008) 
and Dohleman (2009) established, maintained, and monitored seven research sites comparing the 
productivity of M. x giganteus and P. virgatum (Cave-in-Rock) along a transect spanning five 
degrees of latitude in Illinois and covering a range of soil types and significant variation in 
precipitation and temperature.  These research sites were the first replicated field plot trials of 
establishment and production of M. x giganteus in the U.S. and the first ever side-by-side field 
comparisons of M. x giganteus and P. virgatum. For years 3-5 at the three sites established in 
2002 in Illinois, M. x giganteus yielded 29.6 ± 1.8 t ha-1, two to three times greater than P. 
virgatum (10.4 ± 1.0 t ha-1) (Heaton et al. 2008).  The high yields of M. x giganteus relative to 
P. virgatum were confirmed by Dohleman (2009) when the yields during the 6-7 years at these 
locations and the yields during the 3-5 years at 4 additional locations in Illinois established in 
2004 were measured. The high initial establishment cost of these perennial grasses necessitates 
sustained high yields over the long term for them to be economically feasible (Khanna et al. 
2008).  These sites now represent the oldest replicated field trials of M. x giganteus and P. 
virgatum that have been continuously monitored within the U.S., and they provide a unique 
opportunity for examining yields past the fifth growing season.  
This work was to directly asses the feasibility of M. x giganteus relative to P. virgatum as 
a bioenergy feedstock for the U.S. by asking the questions: 
1) How do the yields of M. x giganteus and P. virgatum compare to each other and across 
seven locations within Illinois over 8-10 years, and are yields of M. x giganteus and P. virgatum 
maintained over 8-10 years without fertilization or do they decline? 
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2) What is the response of mature stands of M. x giganteus and P. virgatum to nitrogen 
fertilization over three growing seasons and seven locations within Illinois and is the response 
species and/or location dependent? 
3) Does the composition of M. x giganteus biomass vary with environment as represented 
by differences in soil and weather by location, nitrogen fertilization rate, and time of harvest? 
4) Can M. x giganteus and P. virgatum be successfully established across 11 locations in 
the eastern U.S. and Canada and will the third-year yields of M. x giganteus continue to exceed 
those of P. virgatum at all locations?
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Chapter II 
 
Yields of Miscanthus x giganteus and Panicum virgatum decline with stand age in 
Midwestern USA 
ABSTRACT 
For the C4 perennial grasses, Miscanthus x giganteus and Panicum virgatum 
(switchgrass), to be successful for bioenergy production they must have high yields over the long 
term.  Previous studies under the lower production conditions of Europe found little or no yield 
decline in M. x giganteus in the long-term.  This study provides the first analysis of whether 
yield decline occurs in M. x giganteus under U.S. Midwest conditions in side-by-side trials with 
P. virgatum over 8-10 years at seven locations across Illinois.  The effect of stand age was 
determined by using a linear regression model that included effects of weather.  M. x giganteus 
produced yields more than twice that of P. virgatum averaging 23.4 ± 1.2 Mg ha
-1 
y
-1
 and 10.0 ± 
0.09 Mg ha
-1 
y
-1
, respectively, averaged over 8-10 years.  Relationships of yield with 
precipitation and growing degree days were established, and used to estimate yields corrected for 
the stochastic effects of weather.  Across all locations and in both species, yield initially 
increased until it reached a maximum during the fifth growing season and then declined and 
leveling in the eighth.  This pattern was more pronounced in M. x giganteus.  Yields observed 
over these 8-10 years were lower than yields previously reported for M. x giganteus grown in the 
U.S. Midwest over a shorter duration but similar to previously reported P. virgatum yields 
suggesting a stronger effect of stand age on M. x giganteus than P. virgatum yield.  Based on the 
average yield over the period of this study, to meet the Renewable Fuel Standard mandate of 60 
billion liters of cellulosic ethanol by 2022, 6.8 million hectares of M. x giganteus or 15.8 million 
hectares of P. virgatum would be required. 
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INTRODUCTION 
Production of biofuels from plant biomass provides the opportunity to reduce carbon 
emissions relative to conventional fossil fuels.  To achieve production mandates while 
maintaining a positive carbon balance, biomass crops must achieve high yields with low inputs 
over the long term (Heaton 2004a).  Both Miscanthus x giganteus Greef and Deuter ex 
Hodkinson and Renvoize (Greef & Deuter 1993; Hodkinson & Renvoize 2001) and Panicum 
virgatum L. (switchgrass) have been suggested as high-yielding, low input bioenergy feedstocks.  
These species are both C4 warm season perennial grasses that achieve high yields and high 
nutrient and water use efficiencies.  An autumn or winter harvest, following re-translocation of 
nutrients to the underground perennating organs  allows efficient inter-annual nutrient recycling 
(Beale & Long 1997; Heaton et al. 2009; Davis et al. 2009; Propheter & Staggenborg 2010).  
Both of these crops are planted in the spring and harvested perennially following senescence to 
allow for nutrient translocation from above-ground material to the rhizomes while still 
maximizing harvestable yield (Heaton et al. 2009).  The resulting low nitrogen concentration of 
the harvested material is desirable for both direct combustion and conversion to biofuel products 
(Beale & Long 1997; Heaton et al. 2009).  Aerial shoot regrowth of both species occurs the 
following spring directly from buds on the below-ground rhizomes.  Both species are typically 
cited as achieving high stable (‘ceiling’) yields in the second or third year after planting (Clifton-
Brown et al. 2001; Mclaughlin & Kszos 2005; Wright & Turhollow 2010).  However, modeled 
results suggest it could take up to 5 years for M. x giganteus (Miguez et al. 2009) and this has 
been observed under cooler or poorer establishment conditions (Clifton-Brown et al. 2007; 
Heaton et al. 2008). 
M. x giganteus is a sterile naturally occurring hybrid which has been trialed extensively 
in Europe as a potential bioenergy crop (Hodkinson & Renvoize 2001; Jones & Walsh 2001) and 
is now grown commercially as a bioenergy crop (Department of Environment Food and Rural 
Affairs 2007).  In parallel, P. virgatum has been trialed and developed as the major perennial 
grass feedstock for the U.S., with several cultivars developed for different regions (Fuentes & 
Taliaferro 2002; Mclaughlin & Kszos 2005; Parrish & Fike 2005).  A heat and power or 
lignocellulosic fuel operation is a significant investment which requires a reliable supply of 
feedstock over many years for economic viability.  In addition, the  establishment costs of M. x 
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giganteus are high relative to seeded feedstocks (Lewandowski 2003; Christian et al. 2005), and 
again economic viability to the grower depends on yield being maintained for at least 5-10 years 
after planting (Heaton 2004a).  Stable and predictable yields are therefore necessary over a long 
period of time when used in bioenergy systems. 
At present, there are only a few long-term continuous yield studies reported in the peer-
reviewed literature, making it difficult to provide an accurate assessment of how long M. x 
giganteus will maintain ceiling yields (Miguez et al. 2008).  Bullard (2001) and Lewandowski et 
al. (2000) propose that M. x giganteus will maintain ceiling yields for 15-20 years, but these 
predictions are based on data from trials in northern Europe where reported annual yields of 
biomass have been about half those observed thus far in the Midwest US (Heaton et al. 2008; 
Dohleman et al. 2012).  These higher yields, and therefore higher demands for nutrients, may 
mean that deficiencies or other yield decline drivers could occur earlier under the climatic 
conditions of the U.S. Midwest that are more favorable to high productivity.  In 1935, Aksel 
Olsen brought a sterile Miscanthus hybrid that was of horticultural interest back from 
Yokohama, Japan to Denmark (Heaton et al. 2010).  M. x giganteus is a putative sterile hybrid of 
M. sacchariflorus and M. sinensis (Linde-Laursen 1993; Rayburn et al. 2008). The growth cycle 
of the parent species may be indicative of M. x giganteus stand longevity. The parent species, M. 
sinensis and M. sacchariflorus, are both native to eastern Asia and at least one of these, M. 
sinensis, is a primary colonizer, invading bare land following fires or volcanic events and 
ultimately being replaced by trees. In Japan, grasslands dominated by M. sinensis are used for 
cattle grazing and will be under production for up to 6 decades (Stewart et al. 2009). Historical 
evidence shows that some stands of M. sinensis managed only by burning have persisted for as 
long as 13,500 years reviewed by Stewart et al. (2009); these long-term records suggest that a 
stand might be maintained for many decades without fertilization.   Currently, the longest 
continuous replicated trials of M. x giganteus reported in the peer-reviewed literature are four 
trials spanning 12 (Angelini et al. 2009), 14 (Christian et al. 2008), 14 (Gauder et al. 2012), and 
15 (Clifton-Brown et al. 2007) years within Europe.  
In southern England over 14 years Christian et al. (2008) observed an initial six year 
period of yield building and followed by four years of relative yield stability with no major 
decline. However, no attempt was made to remove the inter-annual effects of differences in 
weather, which may be confounded with the result. In central Italy, Angelini et al. (2009) 
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reported a “maturity phase” of stable yields and then a “declining phase,” although no 
description is given as to how they determined these phases. Gauder et al. (2012) reported that 
yields of fertilized M. x giganteus stands fluctuated significantly across years and do not 
comment on a relationship between yields and stand age but instead reported a positive 
correlation between both “heat sum” and precipitation during the growing season to yield. In 
western Ireland, Clifton-Brown et al. (2007) compared observed yields to those predicted by 
validated models and concluded that there was a decline in yield following the ninth growing 
season which could not be accounted for by inter-annual variation in weather.  Clifton-Brown et 
al. (2007) described three phases: ‘yield building’ in years 2–4 followed by ‘stable yield’ (years 
5-11) and then ‘reduced yield’ (years 12-14) (Clifton-Brown et al. 2007).  It is perhaps not 
surprising that a yield decline was observed at the trial in western Ireland as it was on much 
poorer soils than the trials in southern England and therefore any deficiency caused by nutrient 
off-take would likely appear in western Ireland sooner than in southern England. 
Although many studies examine the relationship of newly established (<3 years) to 
mature (≥3 years) stand yields of P. virgatum (Wang et al. 2010), few studies report continuous 
monitoring of yields in the long-term (>4 years).  P. virgatum stands which are annually 
harvested are expected to maintain productivity for 10-20 years (Hopkins et al. 1995) and it has 
been suggested that with harvest following complete senescence and consistent nutrient 
replenishment, stands could remain in production “ad infinitum” (Parrish & Fike 2005).  In fact, 
P. virgatum was selected as the “model” herbaceous bioenergy species in the United States 
because it produced “reliable yields over varying climate conditions” and  has a large land base 
for potential production (Wright & Turhollow 2010).  P. virgatum is broadly adapted to a wide 
range of habitats from Central America to southern Canada (Parrish & Fike 2005).   In the 
United States it is a co-dominant species in climax tall-grass and mesic prairie communities 
(Uchytil 1993).  The mixed community nature of its ecology suggests it may be poorly adapted 
to a monoculture production situation, although appropriate management may overcome this 
limitation, as with many other crops.  A four-year trial by Casler and Boe (1999) concluded that 
properly managed stands should maintain productivity, but that harvest before complete 
senescence can have severe long-term effects on stand persistence. Although the effect of stand 
age was not explicitly tested, Fike et al. (2006) observed no tendency for decline in yield over a 
10-year study of P. virgatum at eight locations across the southeastern U.S. managed with N 
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fertilization for biomass production. Similarly, Auburn University maintained a stand for 13 
years with low levels of N fertilization and saw no loss of yield capacity over time (Bransby et 
al. 2002 as cited in Mclaughlin and Kszos 2005).  The present study is the first to explicitly test 
the effect of stand age on P. virgatum yield. 
Simply examining differences in annual yields fails to take into account how yield is 
related to weather factors such as temperature and precipitation, which vary inter-annually.  
When examining the effect of stand age on trials that were established concurrently, including 
weather variables is necessary to isolate and independently test effects of stand age. Both M. x 
giganteus and P. virgatum growth has been shown to be dependent on both temperature and 
water availability (Heaton 2004b; Mclaughlin et al. 2005; Parrish and Fike 2005; Fike et al. 
2006a; Miguez et al. 2008, 2009; Hastings et al. 2009; Zub and Brancourt-Hulmel 2010).  In the 
present study, Palmer Hydrological Index (PHDI) is utilized as a simple measure of water 
availability reflecting soil moisture and potential evapotranspiration throughout the entire year 
(Heim 2002).  PHDI, rather than precipitation is used in order to normalize the measure across 
different soil textures and water holding capacities at different locations.  Annual, rather than 
seasonal, averages of PHDI are used in order to include soil moisture recharge due to 
precipitation outside of the growing season, which can lead to early season growth (Mclaughlin 
et al. 2005; Fike et al. 2006b).  Total annual accumulation of growing degree days base 10°C 
(GDD10) was used as the measure of temperature as it has previously been shown to be closely 
linked with vegetative production of both M. x giganteus (Zub & Brancourt-Hulmel 2010) and P. 
virgatum (Parrish & Fike 2005). Previous studies which have commented on the effect of stand 
age on yields of M. x giganteus and P. virgatum have not statistically tested whether decline or 
apparent maintenance of yield is independent of inter-annual variation in temperature and soil 
moisture.  
Even with high nutrient use efficiency and efficient recycling of nutrients by these 
perennial species, long-term harvests would seem likely to require fertilizer additions to maintain 
soil nutrient levels.  The N content of post-senescent harvested M. x giganteus is low at 0.49% of 
above-ground dry matter, reviewed by Cadoux et al. (2011) and slightly higher in P. virgatum at 
0.49-0.52% (Heaton et al. 2009). However, even at these low concentrations with respective 
yields of 30 Mg ha
-1 
and 10 Mg ha
-1
 this is still an annual removal of N from the field of at least 
147 kg N ha
-1 
and 49 kg N ha
-1
, respectively.  It is possible that with lower productivity there 
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may be sufficient atmospheric N deposition, mineralization and/or free-living N-fixation to 
replace removal, while under more productive conditions these sources may be insufficient 
(Eckert et al. 2001; Miyamoto et al. 2004; Ye et al. 2005). Rates of atmospheric N deposition are 
spatially and temporally variable, however N deposition rates are much higher in Western 
Europe than in the United States (Holland et al. 2005), further suggesting that predictions that M. 
x giganteus will maintain yields over many years, based on field trials in Europe, might not 
reflect the Midwest U.S.  A review of M. x giganteus mineral uptake reported low uptake of 
phosphorus, at just 0.05% but high mineral uptake of potassium (0.07%) relative to other 
graminaceous crops (Cadoux et al. 2011) and removal of these key minerals could have a major 
impact on the sustained yield of the crop. 
Heaton et al. (2008) and Dohleman (2009) established, maintained, and monitored seven 
research locations comparing the productivity of M. x giganteus and P. virgatum (Cave-in-Rock) 
along a transect spanning five degrees of latitude in Illinois and covering a range of soil types 
and significant variation in precipitation and temperature (Table 2.1, Figure 2.1). Each used the 
same replicated plot design.  These research locations were the first replicated field plot trials of 
establishment and production of M. x giganteus in the United States and the first ever side-by-
side field comparisons of M. x giganteus and P. virgatum.  As noted earlier, yields rose over the 
first three years following planting.  At three years and beyond yields are generally considered to 
have reached a ceiling in these crops.  For years 3-7 at the three locations established in 2002   in 
Illinois, M. x giganteus yielded 27.4 ± 1.7 Mg ha
-1
, about 2.7 times greater than P. virgatum 
(10.8 ± 0.5 Mg ha
-1
) (Heaton et al. 2008; Dohleman 2009). These locations now represent the 
oldest replicated field trials that have been continuously monitored within the U.S., and they 
provide a unique opportunity for examining yields past the fifth growing season.  
This study therefore asks the questions: 1) Over the now 8-10 year duration of these 
trials, how do the yields of Miscanthus x giganteus and Panicum virgatum compare to each other 
and across locations; and 2) Are yields of Miscanthus x giganteus and Panicum virgatum 
sustained over 8-10 years without fertilization or do they decline? 
13 
 
MATERIALS & METHODS 
Crop Establishment 
Seven field trials comparing the productivity of M. x giganteus and P. virgatum (cv. 
Cave-in-Rock) were established in 2002 (3 locations) or 2004 (4 additional locations; Table 1).   
The trials span five degrees of latitude and a range of soil types across Illinois in the Midwestern 
United States (Table 1).  Three field trials were established in 2002 in Dekalb, Urbana, and 
Dixon Springs, IL and were described in detail by Heaton et al. (2008).  Four additional field 
trials, of the same experimental design and with the same plant materials as the trials established 
in 2002 were established in 2004 in Havana, Brownstown, Fairfield, and Orr, IL.  In brief, each 
field trial was planted to the same completely randomized design of four 10 x 10 meter plots 
each of M. x giganteus and P. virgatum (n=4 for each species at each location; 56 plots total).  
Plants of M. x giganteus, propagated from the clone previously described by Heaton et al. 
(2008), were grown in a greenhouse in 10 cm pots were transplanted at a density of 1 plant m
-2
.  
P. virgatum cv. Cave-in-Rock was sown from seed into a fine tilth at the rate of at least 13 kg 
pure live seed ha
-1
.   Both procedures follow protocols for prior separate trials of these crops 
(Heaton et al. 2008).  To ensure even stand development, irrigation was employed, but only 
during the establishment year.  Weed control was implemented as required by a combination of 
manual cultivation, pre-emergent, and post-emergent herbicide applications throughout the 
duration of this study (Table 2).   These locations were maintained and harvested annually after 
completion of senescence.  Yield results for the first five years of the three locations established 
in 2002 were reported previously (Heaton et al. 2008).   These data are combined here with data 
for the four subsequent years and all years for the four additional locations added in 2004.   
Growing Conditions 
Soil descriptions, cropping history, and previous plot maintenance were given by Heaton 
et al. (2008) and Dohleman (2009) (Table 1). Details of plot maintenance from 2009-2011 are 
provided in Table 2.   Weather data were obtained from NOAA’s Midwestern Regional Climate 
Center’s Applied Climate System (http://mrcc.isws.illinois.edu) and are reported from the 
weather station nearest to each field location (less than 50 km away and on average less than 6 
km) with at least 91% of the data available for the given year (Figure 2.1, Table 2.3).  Annual 
average Palmer Hydrological Drought Index (PHDI) reported for the climate zone of each 
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location which ranges from -6 for the driest conditions to +6 for the wettest, with 0 as optimal is 
used as a measure of water availability (Palmer 1965).   
GDD10 was calculated as: 
      ∑            
where Tavg is mean daily temperature, and where GDD10  is zero on days where Tavg ≤ 10°C. Tavg 
is calculated as the average of the daily maximum and minimum temperatures: 
     
         
 
 
Biomass Sampling 
Biomass was sampled for 8 or 10 consecutive years, depending on site, to calculate yield.  
Heaton et al. (2008) have previously reported on the 2003-2006 growing season for Dekalb, 
Urbana, and Dixon Springs.  Dohleman et al. (2012) reported the average three year (2006-2008) 
above-ground yield for the Urbana location.  These data are included in the present analysis to 
examine long-term trends.  For the first seven growing seasons of the trials established in 2002, 
and the first five growing seasons at the trials established in 2004,  biomass was sampled once in 
the first week of August and once again in the first week of December.   In subsequent years, 
trials were harvested at each location after all plants in the plots had senesced, typically in 
December for M. x giganteus.  End-of-season P. virgatum yields were calculated from biomass 
sampling following the first hard freeze and M. x giganteus yields are calculated from harvest 
following leaf drop (Table 4).  Biomass sampling followed the methods described by Heaton et 
al. (2008); briefly, two randomly selected 0.19 m
2
 quadrats per plot were cut by hand to a 5 cm 
stubble height and dried at 74 °C to constant mass.  The outer one meter of each plot was treated 
as guard row, and samples were taken from the inner 64 m
2
.  To facilitate a separate chemical 
treatment study, starting in 2007 or 2008, depending on location, each plot was divided into four 
sub-plots.  One sub-plot of 25 m
2
 within each replicate plot remained untreated, and this study 
was restricted to these untreated sub-plots.  Consequently, due to spatial constraints, only one 
subsample was taken from the control subplot from these dates onwards. 
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Statistical Analysis 
Prior to subdivision of the plots, 2 subsamples per plot were taken and the mean of these 
values was treated as a single sample to avoid pseudo-replication.  After the study locations were 
converted to a split-plot study, 1 subsample per sub-plot was taken.   Therefore, under all 
circumstances in this study, plot (P) was identified as the experimental unit and all statistical 
analyses were conducted on either the plot mean (prior to subdivision) or on the single sub-plot 
measurement (n=4).   
A mixed model repeated-measures ANOVA was employed to look directly at differences 
in yield (y) based on species and location performance across the entire period of this study.  
Analysis was performed using restricted maximum likelihood (REML; Proc Mixed, SAS version 
9.2, SAS Institute, Cary North Carolina, USA).  Species (S) and Location (L) were treated as 
fixed categorical variables, and Year (Y) was specified as a repeated-measures term with plot 
within location once again treated as the experimental unit. Year×L was included as a random 
effect to account for differences in weather across years and locations and other possible 
unexplained variables. 
Model I: 
                   
Tukey’s least squared difference (LSD) tested pairwise comparisons of yields of M. x 
giganteus and P. virgatum, between locations pooled across all years, and at each location in 
each year individually.  
Inter-annual variation in weather has a large effect on yield and it was therefore necessary 
to include weather variables to isolate and independently test the effect of stand age on these 
seven trials that were established concurrently in 2002 and 2004.  Therefore, a second 
multivariate regression model was constructed to estimate the effect of species, location, stand 
age and weather on yield (y).  Mean annual Palmer Hydrological Drought Index (PHDI), annual 
cumulative degree days above 10 °C (GDD10), and stand age (SA) as continuous fixed effects, 
and species (S) and location (L) as discrete fixed effects using the following model: 
Model II: 
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Observations of each plot within a location were treated as repeated measures by year 
with a first-order autoregressive covariance structure grouped by species.  Given that this dataset 
was limited to 8-10 growing seasons over seven locations established at two time points, there 
were insufficient degrees of freedom available to run all possible interactions.  Therefore, terms 
were selected based on known biological relevance and in the interest of parsimony.  The 
interaction of PHDI with GDD10 was not included because PHDI already takes into account 
temperature and these variables are non-independent.  Similarly, PHDI by L was not included 
because PHDI already accounts for differences in soil types and water holding capacities.  For 
both PHDI and GDD10, incorporating a quadratic effect of these terms provided a statistically 
better fit, as determined by a log-likelihood ratio test, to the observed data than a linear term 
alone or under the addition of a cubic term.  It is known that perennial grasses exhibit a ‘yield 
building’ phase as they approach maturity therefore a simple linear term was not sufficient to 
capture changes in yield over time.  A quadratic SA term was included to allow for yield 
building as well as decline but this led to nonsensical (negative) predictions of yield.  Therefore, 
a cubic SA term was included to allow for differing rates of stand building and decline; that is, 
yield may not actually decline with stand age, or the decline may be slower than the initial 
increase seen in the first few years.  When a quartic SA term was included, yield predictions 
were once again nonsensical (e.g. negative).    To verify statistical assumptions of independence, 
normality, and homogeneity of variance, residuals were examined post hoc.  Furthermore, a plot 
of observed values versus predicted values was constructed to examine the goodness of fit to the 
model.   
To graphically present the effect of stand age, predictions of yield were calculated for all 
stand age, location, and species combinations given the mean PHDI and GDD10 for each location 
over the period of the study.  That is, for each location, PHDI and GDD10 was set to a constant 
equal to the mean observed PHDI and GDD10 and y was calculated for each species, stand age, 
and location. Using the mean values of weather observed at a location, it was possible to remove 
the stochastic effect of weather between each year and look explicitly at the effect of stand age. 
RESULTS 
The period of this study encapsulated a wide variety of weather conditions across all of 
the locations (Figure 2.1).  In general, mean annual cumulative GDD10 approximated the 
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measured 30-year historical averages at all locations except Urbana which experienced 
consistently higher values, throughout the 10 years of this study.   Notably, conditions in the 
latter part of this study (2007-2011) were generally cooler and wetter across all locations, than in 
the early years (2004-2006).      
M. x giganteus and P. virgatum were successfully established in 2004 at four additional 
locations and trials established in 2002 continued to produce harvestable yields (Figures 2.3 and 
2.4).  All yields reported here are based on the above-ground dry biomass harvested at the 
completion of senescence; for brevity this measure is in hereinafter referred to as yield.   When 
Model I is employed to examine the overall effects of species and location, pooled across all 7 
locations and all years (2002-2011), yield was significantly higher in M. x giganteus (23.4 ± 1.2 
Mg ha
-1 
y
-1
) than P. virgatum (10.0 ± 0.9 Mg ha
-1
 y
-1
, p<0.001; Tables 2.5 and 2.6).  When each 
year is examined independently, P. virgatum never yielded significantly more than M. x 
giganteus (Table 2.7). 
However, there was a significant interaction effect of location by species (p<0.05; Table 
2.5). That is, the magnitude of difference between M. x giganteus and P. virgatum yields varied 
by location.  Notably, this difference was highest at Dixon Springs where there was a 3-fold 
difference between M. x giganteus and P. virgatum yields and lowest at Brownstown and 
Havana where it was just 1.7-fold (Table 2.6).  When compared across locations, and pooled 
across all years, yield of M. x giganteus was highest at Urbana, Fairfield, Dixon Springs, and Orr 
(p<0.05), while P. virgatum was highest at Urbana, Fairfield, Orr, and Havana (p<0.05; Table 
2.6). 
The multivariate regression model which incorporated the effect of weather on yield in 
order to isolate and independently test the effect of stand age (Model II) was determined to 
sufficiently describe the data via a test of goodness of fit (Figure 2.2).  Figure 2.3 shows the 
observed yields for M. x giganteus and P. virgatum pooled across all locations for each stand age 
with a simple cubic fit (solid line) showing the trend of yield building, stability, and reduction.  
The response of both M. x giganteus and P. virgatum to increasing stand age was curvilinear; 
however the magnitude of the response differed between the species (Figure 2.3).  There was an 
initial period of yield increase (SA×S, p<0.05) which reached a maximum or “ceiling” yield and 
then yield declined below these maxima (SA
2
×S, p<0.05) and leveled (SA
3
×S, p<0.1; Figure 
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2.3). This response to stand age was not location dependent, all locations showed a similar 
pattern of changes in yield with increasing age (SA×L, SA
2
×L, and SA
3
×L, p>0.10; Table 2.5).    
When the weather effects were tested via Model II, there is a significant effect of both 
PHDI and GDD10 (p<0.05, Table 2.5), yield increased up to an optimum PHDI and GDD10 and 
then decreased beyond this optimum.  M. x giganteus and P. virgatum had similar patterns of 
response to both GDD10 and PHDI (GDD10×S, GDD10
2
×S, PHDI×S, PHDI
2
×S, p>0.1, Table 2.5) 
although the response of GDD10 was location dependent (GDD10×L, GDD10
2
×L, p<0.05, Table 
2.5). 
Figures 2.4 and 2.5 show the observed yields at all locations across all years with a 
simple cubic fit (solid line) showing the trend of yield building, stability, and reduction at many 
of the locations, but not all.  However, weather is inter-annually variable and is confounded with 
this simple fit of observed values; when yield is corrected for weather variation by predicting 
expected yields for normalized weather across all years at each locations the explicit effect of 
stand age is seen (dashed line; Figures 2.4 and 2.5).   
DISCUSSION 
Although relatively high yields of M. x giganteus were recorded across seven locations 
and 8-10 year, averaging 23.4 ± 1.2 Mg ha
-1 
y
-1
, yields clearly declined at stand age 6 years and 
beyond, as did P. virgatum, averaging 10.0 ± 0.9 Mg ha
-1 
y
-1
 .  This appears the first clear 
evidence of yield decline in M. x giganteus, especially in stands of this age.  It may result from 
the higher yields than observed in earlier European studies of M. x giganteus (Heaton et al. 2008; 
Dohleman et al. 2012).   However, the pattern is strongly affected by both location and inter-
annual variation in weather (Table 2.5). 
M. x giganteus consistently produced yields more than twice those of P. virgatum (Figure 
2.3, Table 2.5).  This shows that the higher yields of M. x giganteus relative to those of P. 
virgatum reported by Heaton et al. (2008) for the first three years of trials at three locations, 
continue into the long-term (10 years) and are repeated at a much wider range of locations.  
These locations include both a wide range of soil qualities from land capability classes from 
class 1 soils which have few limitations which restrict their land use to class 4s soils with very 
severe limitations and low fertility which restrict crop choice and require very careful 
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management (Table 2.1).  The M. x giganteus yields reported in this study (23.4 ± 1.2 Mg ha
-1 
y
-
1
)
 
are lower overall than those reported by  Heaton et al. (2008) for the 2002 established trials 
over 2004-2006 (29.6 ± 1.8 Mg ha
-1 
y
-1
).  Yields observed for P. virgatum (10.0 ± 0.9 Mg ha
-1
 y
-
1
)
 
were similar to those reported by Heaton et al. (2008) (10.4 ± 1.0 Mg ha
-1
 y
-1
). This difference 
in end-of-season yield in M. x giganteus, but not P. virgatum, may result from a larger yield 
across the first three years, followed by a sharper decline with stand age, and therefore a more 
pronounced ‘peak’ yield, of M. x giganteus relative to P. virgatum (Figures 2.3-2.5). 
For both M. x giganteus and P. virgatum, yields were higher in southern compared to 
northern locations (Table 2.5) consistent with the higher GDD10 and PHDI closer to zero (i.e. 
defined optimum).  Yields at Brownstown were a notable exception to this trend and could be a 
result of the low yields in the establishment phase due to hot and dry conditions in the early years 
further exasperated by its heavy soils (land capability class 3w) which likely impeded 
development of roots and rhizomes, and access to water deeper in the profile.   
M. x giganteus yields were more variable across locations than yields of P. virgatum 
(Table 2.5).  The increased variability in yield of M. x giganteus relative to P. virgatum is not a 
result of response to weather conditions (GDD10 and PHDI) as the responses of the species to 
these factors was determined to be the same.  Notably, yield for both species had a quadratic 
relationship to PHDI (p=0.0341) suggesting that at times water availability was excessive and led 
to decreased yields;  the mean estimate of the optimum average annual PHDI is -0.04 therefore 
any rain in excess of that necessary to restore soil moisture is detrimental to yield.  This optimum 
of -0.04 suggests that the statistical model is accurately accounting for environmental factors as a 
PHDI of 0 is empirically defined as optimum.  The yield response to GDD10 was quadratic and 
location dependent (GDD10
2
×L, p=0.0227) and therefore a different optimum number of GDD10 
can be defined for each location. The large range of observed average yields across the seven 
locations in M. x giganteus (14.7-31.14 Mg ha
-1 
y
-1
) and P. virgatum (7.45-13.71 Mg ha
-1
 y
-1
) 
could be explained as a response to soil conditions as seen by the significant location effect and  
species by location interaction (L, p=0.0051, S×L, p<0.0001,Table 2.5). 
This study shows a period of yield building followed by a period of rapid decline as 
indicated by the significant quadratic response of yield to stand age.  In both species yield was 
not maintained, but rather declined progressively, within the timeframe of this study.  This 
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decrease in yield is earlier than the 15-20 year prediction of inter-annual stability of yields for M. 
x giganteus based on European trials (Lewandowski et al. 2000; Bullard 2001) and the 10-20 
year predictions for P. virgatum (Hopkins et al. 1995). This earlier decrease may result from the 
higher yields of the earlier years, relative to previous studies, which will result in more nutrient 
off-take.  In the case of M. x giganteus the lower atmospheric N deposition levels in the US 
relative to the European trial locations could exacerbate soil nutrient depletion (Holland et al. 
2005). The data indicate that the decline, which begun at around year 5, had slowed and yields 
were stabilized around year 8.  This is statistically validated by the fact that incorporating a cubic 
term, which describes this stabilization into the statistical model, accounts for significantly more 
variation than a quadratic (p<0.1; Table 2.5).  
However, these trials were grown without fertilization and perhaps nutrient addition 
could recover end-of-season yields to ‘ceiling’ values.  This hypothesis that nutrient limitation is 
driving reduction of yield in aging stands is further strengthened by the fact that yield decline is 
more prominent in M. x giganteus relative to P. virgatum which would have caused smaller 
nutrient off-take because of its lower yields.  Nonetheless, this study confirms the results of 
Heaton et al. (2008) that M. x giganteus yields significantly more biomass the P. virgatum across 
all the growing conditions observed in this study.  Furthermore, it is seen that despite the sharper 
decline in yield of M. x giganteus relative to P. virgatum across the entire timeframe observed in 
this study, higher yields were still achieved by M. x giganteus and that viable yields are still 
achieved in the 8
th
-10
th
 growing seasons without fertilization.  
The Renewable Fuel Standard (RFS) established by the Energy Independence and 
Security Act (EISA) of 2007 mandates the production of 133 billion liters of biofuel by 2022 
(Environmental Protection Agency (EPA) 2012).  Heaton et al. 2008 made predictions based on 
the average yield observed across three locations over the third through fifth growing season 
regarding the amount of land that would be required to meet this 133 billion liter mandate.  
Heaton et al. 2008 concluded that it would require 12 million hectares of M. x giganteus and 34 
million hectares of P. virgatum (Table 2.8).  The present study which presents the average yields 
observed across three locations from the third through tenth growing seasons along with those 
from four locations from the third through eighth growing seasons shows that the earlier 
predictions probably underrepresented the amount of land required in the long term.  In fact 
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meeting this mandate with M. x giganteus and P. virgatum would require 15 and 35 million 
hectares, respectively (Table 2.8).    
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TABLES AND FIGURES 
Table 2.1: Description of locations where side-by-side trials of Miscanthus x giganteus and Panicum virgatum cv. 
Cave-in-Rock were planted in 2002 and 2004.  Soil descriptions were obtained from U.S. Department of Agriculture 
Natural Resources Conservation Service.  Annual temperature and precipitation averages are 30 year averages 
(Angel, 2003).  Modified from Heaton et al. (2008) and Dohleman (2009). 
Location  
Lat, 
Long 
Soil taxonomic classification,  
description, & land capability class 
A
v
er
a
g
e 
A
n
n
u
a
l 
T
em
p
er
a
tu
re
 (
°C
) 
A
v
er
a
g
e 
A
n
n
u
a
l 
P
re
ci
p
it
a
ti
o
n
 (
cm
) 
Planted in 2002:     
Dekalb 
88.85, 
41.85 
Fine-silty, mixed, superactive, mesic Typic 
Endoaquolls; formed from loess or silty material and 
the underlying till. Poorly drained.  Slope 0%, 2w. 
9 95 
Northern Illinois Agronomy 
Research Center 
Shabbona, IL  
Urbana  
88.23, 
40.08 
Fine-silty, mixed, mesic Typic Endoaquoll; very 
deep and formed from loess and silt parent material 
deposited on the till and outwash plains. Somewhat 
poorly drained.  Slope 0%, 1. 
11 104 
Crop Science Research and 
Education Center 
Urbana, IL  
Dixon Springs 
88.67, 
37.45 
Fine-silty, mixed, active, mesic Oxyaquic 
Fragiudalfs; formed in loess and underlying 
weathered stone. Moderately permeable above the 
fragipan and very slowly permeable in the fragipan. 
Slope 0-2%, 2e. 
 
 
 
 
 
 
 
 
15 123 
Dixon Springs Agricultural 
Research Center 
Simpson, IL  
Planted in 2004:     
Havana  
89.94, 
40.30 
Sandy, mixed, mesic Entic Hapludolls; very deep, 
excessively drained soils formed in sandy outwash 
that has been reworked by wind.  Slope 1-7%, 4s. 
9 96 Central Illinois Irrigated 
Growers Association Havana, IL  
Orr 
90.82, 
39.81 
Fine-silty, mixed, superactive, mesic Oxyaquic 
Hapludalfs; very deep, moderately well drained, 
moderately permeable soils formed in loess. Slope 5-
10%, 3e. 
9 96 
Orr Research and Education 
Center 
Perry, IL  
Brownstown 
88.96, 
38.95 
Fine, smectitic, mesic Mollic Albaqualfs; very deep, 
poorly drained, slowly or very slowly permeable 
soils on till plains. Slope 0-2%, 3w. 
13 93 
Brownstown Research and 
Education Center 
Brownstown, IL  
Fairfield  
88.39, 
38.38 
Fine, smectitic, mesic Typic Albaqualfs; very deep, 
slowly or very slowly permeable, poorly drained 
soils on broad till plains. Slope 0-2%, 3w. 
13 112 
Wayne County Extension 
Office  
Fairfield, IL  
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Table 2.2: Agronomic inputs to field trials adapted from (Heaton et al. 2008; Dohleman 2009). 
Year Location Activity 
2004 Brownstown 
Miscanthus x giganteus planted, Panicum virgatum seeded. M. x 
giganteus hand watered (4 l plant
-1
). 
2004 Brownstown 2,4-D
1 
(4 l ha
-1
) applied. 
2005 Brownstown 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2006 Brownstown 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2006 Brownstown Pre-emergent Pendamethalin
2
 (4.2 l ha
-1
) applied. 
2006 Brownstown Manual cultivation for weed control x3. 
2007 Brownstown Pre-emergent Pendamethalin
2
 (4.2 l ha
-1
) 
2007 Brownstown 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2007 Brownstown Manual cultivation for weed control x3. 
2008 Brownstown Pre-emergent Pendamethalin
2
 (4.2 l ha
-1
) applied. 
2008 Brownstown 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2008 Brownstown Manual cultivation for weed control x3. 
2002 Dekalb 
M. x giganteus planted, P. virgatum seeded. Miscanthus hand watered (4 
l/plant). 
2002 Dekalb M. x giganteus hand watered (2 l plant
-1
). 
2002 Dekalb M. x giganteus hand watered (3 l plant
-1
). 
2002 Dekalb 2,4-D
1
 (4 l ha
-1
)  applied. 
2002 Dekalb P. virgatum mowed. 
2003 Dekalb 25 kg N ha
-1 3
 applied. 
2004 Dekalb Glyphosate
4
 (4 l ha
-1
) applied to P. virgatum only. 
2004 Dekalb Alachlor
5
 (3.4 kg ha
-1
) applied to P. virgatum only. 
2002 Dixon Springs 
M. x giganteus planted, P. virgatum seeded. Miscanthus hand watered (4 
l/plant). 
2002 Dixon Springs M. x giganteus hand watered (4 l plant
-1
). 
2003 Dixon Springs 2,4-D
1
 (4 l ha
-1
) applied to P. virgatum only. 
2003 Dixon Springs 25 kg N ha
-1 3
 applied. 
2003 Dixon Springs P. virgatum mowed 
2004 Fairfield 
M. x giganteus planted, P. virgatum seeded. Miscanthus hand watered (4 
l/plant). Glyphosate
4
 (4 l ha
-1
), Atrazine
6
 (2.24 l ha
-1
) 
2004 Fairfield 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2004 Fairfield 2,4-D
1
 (4 l ha
-1
) applied. 
 
  
24 
 
Table 2.2 (continued): Agronomic inputs to field trials adapted from (Heaton et al. 2008; Dohleman 
2009). 
Year Location Activity 
2004 Havana 
M. x giganteus planted, P. virgatum seeded. Miscanthus hand watered (4 
l/plant). 
2004 Havana 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2004 Havana 2,4-D
1
 (4 l ha
-1
) applied. 
2005 Havana 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2006 Havana 
Replanting of missing M. x giganteus plants dug from plants which had  
grown at that location.  
2006 Havana Manual cultivation for weed control x3. 
2006 Havana Pre-emergent Pendamethalin
2
 (4.2 l ha
-1
) applied x2. 
2007 Havana Manual cultivation for weed control x2. 
2007 Havana 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2008 Havana Pre-emergent Pendamethalin
2
 (4.2 l ha
-1
) applied. 
2004 Orr 
M. x giganteus planted, P. virgatum seeded. Miscanthus hand watered (4 
l/plant). 
2004 Orr 
Replanting of missing M. x giganteus plants dug from plants which had 
grown at that location.  
2004 Orr 2,4-D
1
 (4 l ha
-1
) applied 
2004 Orr Atrazine
6
 (2.24 l ha
-1
) applied. 
2002 Urbana 
M. x giganteus planted, P. virgatum seeded. Miscanthus hand watered (4 
l/plant). 
2002 Urbana Irrigation (5 cm) applied 
2002 Urbana Irrigation (5 cm) applied. 
2003 Urbana 2,4-D
1
 (4 l ha
-1
), P. virgatum only x2 
2003 Urbana 25 kg N ha
-1 3 
applied. 
2008 Urbana 2,4-D
1
 (4 l ha
-1
), P. virgatum only 
2011 Urbana 2,4-D
1
 (1.16 l ha
-1
), P. virgatum only 
1
 HiDep Broadleaf Herbicide PBI/Gordon Corp. Kansas City MO, USA 
2
 Prowl 3.3 EC Herbicide, BASF Corporation.  Research Triangle Park, NC, USA 
3 
Scotts Turf Builder Lawn Fertilizer with 2% Iron (The Scotts Company Marysville, OH, USA) 
4
 Roundup Ultra MAX, Monsanto Company, St. Louis MO, USA 
5
 Partner WDG, Monsanto Company, St. Louis MO, USA 
6
AAtrex 4L, Syngenta Group Company, Greensboro NC, USA  
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Table 2.3: Inventory of where weather station within 50 km of field location where ≥91% of weather data is available. 
  Dekalb Havana Urbana Orr Brownstown Fairfield Dixon Springs 
Climate 
Zone 
2 4 5 6 7 9 9 
Year 
Station 
ID 
Distance 
(km) 
Station 
ID 
Distance 
(km) 
Station 
ID 
Distance 
(km) 
Station 
ID 
Distance 
(km) 
Station 
ID 
Distance 
(km) 
Station 
ID 
Distance 
(km) 
Station 
ID 
Distance 
(km) 
2004 112223 <1 113940 <1 118740 <1 116738 <1 111020 <1 112931 <1 112353 <1 
2005 112223 ʺ 113940 ʺ 118740 ʺ 116738 ʺ 111020 ʺ 112931 ʺ 112353 ʺ 
2006 112223 ʺ 113940 ʺ 118740 ʺ 116738 ʺ 111020 ʺ 112931 ʺ 112353 ʺ 
2007 112223 ʺ 110306 51 118740 ʺ 116738 ʺ 111020 ʺ 112931 ʺ 118020 34 
2008 112223 ʺ 115413 30 118740 ʺ 116738 ʺ 118781 12 112931 ʺ 112353 <1 
2009 112223 ʺ 115413 ʺ 118740 ʺ 116738 ʺ 118781 ʺ 112931 ʺ 118020 34 
2010 112223 ʺ 115413 ʺ 118740 ʺ 116738 ʺ 118781 ʺ 112931 ʺ 118020 ʺ 
2011 112223 ʺ 115079 48 118740 ʺ 116738 ʺ 118781 ʺ 112931 ʺ 118020 ʺ 
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Table 2.4: Table of sampling dates for Miscanthus x giganteus and Panicum virgatum for 2004-2011 
growing seasons. 
Year Miscanthus x giganteus Panicum virgatum 
2004 Dec. 9 – 15 Oct. 6 
2005 Dec. 6 – 8 Oct. 24 – 25, Nov. 3 
2006 Dec. 11 – 12 Aug. 1 – 3 
2007 Dec. 2 – 5 Aug. 
2008 Dec. 3 – 5 Nov. 29 – 31 
2009 Dec. 1 – 7 Oct. 23 – 27 
2010 Dec. 15 – 20 Nov. 8 – 11 
2011 Nov. 28 – Dec. 1 Oct. 31 – Nov. 3 
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Table 2.5: Mixed model analysis of variance for fixed effects and Wald-tests for covariance parameter 
estimates of random effects associated with end-of-season above-ground biomass yield of Miscanthus x 
giganteus and Panicum virgatum cv. Cave-in-Rock across 3 locations for the 3rd-10th growing seasons and 
4 locations for the 3rd-8th growing seasons in Illinois for Models I and II.  Values in bold are significant at 
α=0.05. 
Model I:    
     Fixed variables: df F-value P 
Speices (S) 1 174.6 <0.001 
Location (L) 6 11.50 <0.001 
S*L 6 5.26 0.0002 
     Random variables: df Z-value P 
Year*L  3.44 0.0003 
L(Plot)  0.52 0.3024 
Model II:    
     Fixed variables: df F-value P 
Growing degree days (GDD10) 1 0.69 0.4081 
GDD10
2 
1 2.43 0.1212 
Stand age (SA) 1 0.41 0.522 
SA2 1 0.03 0.8547 
SA3 1 0.05 0.8313 
Palmer Hydrological Drought Index (PHDI) 1 0.19 0.6654 
PHDI2 1 4.58 0.0341 
 S 1 1.16 0.283 
 L 6 3.3 0.0051 
GDD10×S 1 0.25 0.6201 
GDD10
2×S 1 0.32 0.572 
GDD10×L 6 2.86 0.013 
GDD10
2×L 6 2.59 0.0227 
SA×S 1 4.98 0.0266 
SA2×S 1 4.19 0.0419 
SA3×S 1 3.14 0.0776 
SA×L 6 1.79 0.1029 
SA2×L 6 1.49 0.1855 
SA3×L 6 1.19 0.3139 
PHDI×S 1 0.62 0.4326 
PHDI2×S 1 0.44 0.5093 
S×L 6 6.77 <.0001 
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Table 2.6: Model I estimates of yield and SE (Mg ha-1) for Miscanthus x giganteus and Panicum virgatum 
cv. Cave-in-Rock pooled across all locations and years.  Letters indicate Tukey’s least squared difference 
(LSD) means separation groups at α=0.05 separately for each species (A, B for M. x giganteus and Y, Z for 
P. virgatum). 
 M. x giganteus P. virgatum 
Location Estimate SE Group Estimate SE Group 
Dekalb 16.34 2.87 BC 7.45 1.14 Z 
Havana 16.58 2.86 BC 9.92 1.21 Z 
Urbana 31.14 2.57 A 13.71 1.08 Y 
Orr 25.35 2.86 AB 10.38 1.21 YZ 
Brownstown 14.70 2.86 C 8.51 1.21 Z 
Fairfield 30.24 2.86 A 11.07 1.21 YZ 
Dixon Springs 30.02 2.86 A 9.42 1.14 Z 
Average of All Locations 23.4 1.20  10.0 0.90  
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Table 2.7: Tukey’s least squared difference pairwise comparison of Miscanthus x giganteus yield (Mg ha-
1) to that of Panicum virgatum cv. Cave-in-Rock end-of-season for each location and year.  Values in bold 
represent where M. x giganteus yield was not significantly greater (p>0.1) than that of P. virgatum at 
that location during that year. 
Location 2004 2005 2006 2007 2008 2009 2010 2011 
Dekalb n/a <0.05 <0.001 <0.001 >0.1 >0.1 <0.1 >0.1 
Havana n/a n/a >0.1 >0.1 <0.001 <0.1 >0.1 <0.05 
Urbana <0.001 <0.001 <0.001 <0.001 <0.001 <0.05 <0.05 <0.05 
Orr n/a n/a <0.001 <0.001 <0.001 <0.05 <0.1 >0.1 
Brownstown n/a n/a >0.1 >0.1 >0.1 >0.1 <0.05 <0.05 
Fairfield n/a n/a <0.001 <0.001 <0.001 <0.05 <0.05 <0.05 
Dixon Springs n/a <0.001 <0.001 <0.001 <0.001 >0.1 <0.05 <0.05 
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Table 2.8: Biomass production and land area required to meet 35 billion gallons (133 billion liters) U.S. 
renewable fuel goal for Miscanthus x giganteus and Panicum virgatum as previously reported by Heaton 
et al. (2008) and updated based on the current study. 
Source: Heaton et al. 2008 Current Study 
 
Yield 
(Mg ha
-1 
y
-1
) 
Million hectares 
needed for 35 
billion gallons  
of ethanol 
Yield 
(Mg ha
-1 
y
-1
) 
Million hectares 
needed for 35 
billion gallons  
of ethanol 
Miscanthus x giganteus 29.6 11.8 23.4 15.0 
Panicum virgatum 10.4 33.7 10.0 35.0 
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Figure 2.1: Cumulative annual GDD base 10°C (GDD10) (●) and Palmer Hydrological Drought Index (PHDI) ( )   from 
seven monitoring stations of the Midwestern Regional Climate Center (http://mrcc.isws.illinois.edu) near field 
stations planted in 2002 located at A) Dekalb, B) Urbana, C) Dixon Springs, and planted in 2004 D) Havana, E) Orr F) 
Brownstown, and G) Fairfield. Dashed line indicates 30-year averages of GDD10 and solid line indicates ‘0’ value of 
PHDI. 
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Figure 2.2: Observed yields versus predicted values for Miscanthus x giganteus (green, ○) and Panicum 
virgatum (orange, +). The middle line represents predicted values, banded area is 95% confidence limit 
on the mean and outer bounds show the 95% confidence interval on individual predicted values. 
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Figure 2.3: Observed end-of-season dry matter biomass yield (Mg ha-1) of Miscanthus x giganteus (●) 
and Panicum virgatum cv. Cave-in-Rock (○) pooled across seven location within Illinois (Dekalb, Havana, 
Urbana, Orr, Brownstown, Fairfield, and Dixon Springs) for the third through tenth growing seasons.  
Points represent arithmetic means ± 1SE.  Solid lines represent cubic fit to observed lines. 
 
Stand Age  × Species: p=0.0266 
Stand Age2 × Species: p=0.0419 
Stand Age3 × Species: p=0.0776 
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Figure 2.4: Observed end-of-season dry matter biomass yield of Miscanthus x giganteus (●) and Panicum 
virgatum cv. Cave-in-Rock (○) for trials planted in 2002 at A) Dekalb, B) Urbana, C) Dixon Springs, IL from 
2004-2011 growing seasons.  Points represent arithmetic means ± 1SE.  Solid lines represent cubic fit to 
observed lines and dashed lines represent modeled values of yield corrected for weather variation (i.e. 
mean GDD10 for 2004-2011 and mean PHDI for 2004-2011 for a given location) and grey bands represent 
95% confidence intervals on these predictions. 
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Figure 2.5: Observed end-of-season dry matter biomass yield of Miscanthus x giganteus (●) and Panicum 
virgatum cv. Cave-in-Rock (○) for trials planted in 2004 at A) Havana, B) Orr, C) Brownstown, and D) 
Fairfield, IL from 2006-2011 growing seasons.  Points represent arithmetic means ± 1SE.  Solid lines 
represent cubic fit to observed lines and dashed lines represent modeled values of yield corrected for 
inter-annual weather variation (i.e. mean GDD10 for 2004-2011 and mean PHDI for 2004-2011 for a given 
location) and grey bands represent 95% confidence intervals on these predictions.  
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Chapter III 
 
Nitrogen fertilization significantly increases yields of stands of Miscanthus x giganteus and 
Panicum virgatum in multi-year trials in Illinois 
ABSTRACT 
The C4 perennial grasses Miscanthus x giganteus and Panicum virgatum (switchgrass) 
are two attractive potential bioenergy species because they recycle nutrients to the over-
wintering below-ground rhizomes, before the dry shoots are harvested. They therefore require 
minimal fertilizer inputs, a desirable trait for any crop. Until now, Europe has had the only long-
term trials of M. x giganteus and these have either shown no or a small effect of N fertilization, 
while trials of P. virgatum in the USA have shown a clear positive effect of N fertilization.  This 
study exploited the first long-term trials of M. x giganteus in the USA, and first side-by-side 
comparison with P. virgatum to test the hypothesis that N fertilization would only improve yields 
of the latter.  A split-plot N fertility treatment (0, 67, 134, 202 kg N ha
-1
) was added to >5 year-
old replicated stands of the two crops at seven locations on contrasting soils in the U.S. Midwest. 
Averaged across all locations, M. x giganteus yield increased significantly from 23.4 Mg ha
-1
 
without nitrogen fertilization to 28.9 Mg ha
-1
 (+ 25%) at 202 kg N ha
-1
 and P. virgatum yield 
increased significantly from 10.33 Mg ha-1 to 13.6 Mg ha
-1
 (+ 32%).  Both species therefore 
responded to N fertilization and to a similar extent; however the increase per unit of added N was 
small compared to crops such as Z. mays.  Nitrogen fertilization did not arrest long-term yield 
decline, suggesting that other nutrients may become limiting.  However, while the crops 
responded to nitrogen addition at some locations, it did not at others. Therefore a one-case-fits-
all optimum fertilization rate cannot be prescribed. 
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INTRODUCTION 
Energy security and environmental sustainability can be achieved through renewable, 
domestic energy production.  The use of highly-productive perennial grasses as a raw material 
for renewable energy production has the potential to produce renewable energy while 
minimizing impact on food production (Heaton et al. 2008).  An added environmental benefit of 
biomass harvested after completion of shoot senescence is recycling of nitrogen.  In perennial 
herbaceous grasses for renewable energy, harvest occurs annually in autumn and winter once N 
is translocated from the shoot to the below-ground storage organs, called rhizomes.  Miscanthus 
x giganteus Greef and Deuter ex Hodkinson and Renvoize (Greef & Deuter 1993; Hodkinson & 
Renvoize 2001) and Panicum virgatum L. (switchgrass) are C4 warm season perennial grasses 
that are being explored for use as bioenergy feedstocks (Beale & Long 1997; Heaton et al. 2009).   
Both M. x giganteus and P. virgatum achieve high yields as well as high nutrient and 
water use efficiencies.  Efficient inter-annual nutrient recycling has been well documented in 
both of these species (Beale & Long 1997; Heaton et al. 2009; Davis et al. 2009; Propheter & 
Staggenborg 2010).  These crops are planted in the spring and harvested each autumn or early 
winter following senescence, allowing nutrient translocation from above-ground material to the 
rhizomes while still maximizing harvestable yield (Heaton et al. 2009).  Since in contrast to food 
and feed uses, nitrogen and nutrients are undesirable in the harvested biomass for bioenergy 
production, this recycling is advantageous (Heaton et al. 2009).  Regrowth of both species occurs 
the following spring directly from the below-ground rhizome material and by remobilizing the 
stored nutrients.      
However, continuous harvesting of large amounts of biomass could result in the eventual 
depletion of N soil reserves, even with low N concentrations in the harvested biomass.  Nitrogen 
concentrations of post-senescent M. x giganteus and P. virgatum are exceptionally low,  0.49% 
and 0.49-0.52%, respectively (Beale & Long 1997; Heaton et al. 2009; Cadoux et al. 2011).  
Even at these low concentrations, with respective yields of 30 Mg ha
-1 
and 10 Mg ha
-1
,
 
this is still 
an annual removal of N from the field of at least 147 kg N ha
-1 
and 49 kg N ha
-1
, respectively.  It 
is possible that with lower productivity there may be sufficient atmospheric N deposition, 
mineralization, and/or free-living N-fixation to replace removal, while under more productive 
conditions these sources may be insufficient (Eckert et al. 2001; Miyamoto et al. 2004; Ye et al. 
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2005). A literature review of all prior published biomass yields by Heaton et al. (2004a) reported 
that P. virgatum showed a significantly stronger response to N fertilization than M. x giganteus. 
The effect of nitrogen fertilization on M. x giganteus has been examined mainly with  
young stands lacking multiple years of harvest  (Schwarz et al. 1994; Ercoli et al. 1999; 
Acaroğlu & Şemi Aksoy 2005; Cosentino et al. 2007; Miguez et al. 2008; Mantineo et al. 2009; 
Maughan et al. 2011).  Three exceptions did examine N fertilization of older stands.  Himken et 
al. (1997) did not observe a significant response to N fertilizer applied to mature stands of M. x 
giganteus in northern Germany.  Trials in southern England, which initiated N fertilization in the 
first growing season and continued fertilization in each subsequent year, showed no significant 
yield effect over 14 years (Christian et al. 2008). In western Ireland, Clifton-Brown et al. (2007) 
did not observe a significant N response in the young stands, but a significant N response was 
seen in the 11
th
-15
th
 growing seasons.   
The current consensus seen in the literature has developed in Europe; i.e. nitrogen 
fertilization is not necessary to maintain high yields in M. x giganteus (Lewandowski 2003; 
Heaton et al. 2004b).  However, yields of M. x giganteus achieved in northern Europe have been 
about half those observed thus far in the Midwest US (Heaton et al. 2008; Dohleman et al. 
2012).  Furthermore, although spatially and temporally variable, overall atmospheric N 
deposition rates are much higher in Western Europe than in the United States (Holland et al. 
2005).  Given higher annual rates of biomass harvest and therefore N off-take, coupled with 
lower levels of N deposition in the U.S., M. x giganteus European findings may not hold in the 
U.S. Midwest.  Cadoux et al. (2011) provided a comprehensive review of M. x giganteus N 
fertilization studies in which they concluded that there is insufficient data to provide optimum 
nutrient recommendations but suggest that N fertilization rates be sufficient to maintain soil N 
reserves while minimizing N losses. 
The response of P. virgatum to N fertilization has been examined extensively in the 
literature (Parrish and Fike 2005) with a variety of responses being reported ranging from no 
response (Christian et al. 2002) to a positive linear or quadratic response (Ma et al. 2001; Muir et 
al. 2001; Vogel et al. 2002; Mclaughlin & Kszos 2005; Heggenstaller et al. 2009).  Recently, a 
meta-analysis by Wang et al. (2010) reported a consistent positive response to N fertilization of 
P. virgatum autumn harvested as a bioenergy feedstock.  Current recommendations are an 
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application of 120 kg N ha
-1
 yr
-1
 for autumn harvested monocultures of P. virgatum in the 
Midwest (Wang et al. 2010) and Mclaughlin and Kszos (2005).  
Currently, no studies have directly assessed nitrogen fertilization effects on M. x 
giganteus and P. virgatum in long-term side-by-side field trials and few studies have 
concurrently studied the nitrogen response of either species across multiple locations.  Heaton et 
al. (2008) and Dohleman (2009) established, maintained, and monitored seven research locations 
comparing the productivity of M. x giganteus and P. virgatum (Cave-in-Rock) along a transect 
spanning five degrees of latitude in Illinois with significant variation in precipitation and 
temperature and covering a range of soil types, from heavy clays to light sands (Table 2.1).  
Those research locations were the first replicated field plot trials of establishment and production 
of M. x giganteus in the United States and the first ever side-by-side field comparisons of M. 
giganteus and P. virgatum.   As the longest such study, it provides an unrivalled opportunity to 
determine if nitrogen fertilization will produce a yield increase in multi-year trials under 
Midwest conditions. 
This study aimed to explicitly examine the prediction that M. x giganteus does not 
respond to nitrogen fertilization in contrast to P. virgatum in long-term side-by-side trials.  
Furthermore, it is predicted that the response to fertilization will be highly dependent on soil 
type. 
MATERIALS & METHODS 
Crop Establishment 
The field trials utilized in this study have been described in detail previously (Chapter II).  
Briefly, seven field trials comparing M. x giganteus and P. virgatum (cv. Cave-in-Rock were 
established in 2002 (3 locations) or 2004 (4 additional locations) spanning a variety of soil and 
weather conditions (Table 2.1).  Each field trial was planted in a completely randomized design 
of four 10 x 10 meter plots of M. x giganteus and P. virgatum (n=4 for each of the two species at 
each of the seven locations; 56 plots total).  M. x giganteus was transplanted at a density of 1 
plant m
-2
 and P. virgatum cv. Cave-in-Rock was planted from seed into a fine tilth at the rate of 
more than 13 kg live seed ha
-1
.   To ensure even stand development, irrigation was employed 
only during the establishment year and weed control was implemented as required (Table 2.2) 
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These locations were maintained and harvested annually and the yield results of plots without N 
fertilization were reported previously (Heaton et al. 2008; Dohleman et al. 2012, Chapter II).  
Growing Conditions 
Soil descriptions, cropping history, and previous plot maintenance were described 
previously (Heaton et al. 2008; Dohleman 2009; Tables 2.1 and 2.2).  Weather data were 
obtained from NOAA’s Midwestern Regional Climate Center’s Applied Climate System 
(available online at http://mrcc.isws.illinois.edu; Figure 2.1) and are reported from the weather 
station nearest each field site (less than 50km away) with at least 91% of the data available for 
the given year (Table 2.3).   
Nitrogen Fertilization 
A split-plot N fertility treatment was initiated in Dekalb and Dixon Springs in 2007 and 
at the remaining five locations in 2008. Each plot was sub-divided into four 5 x 5 meter sub-plots 
which were randomly assigned a N fertilization treatment level (0, 67, 134, or 202 kg N ha
-1
).  
Nitrogen was applied manually in the spring at each location either prior to or shortly after crop 
emergence using a hand spreader and as either granular ammonium nitrate (34% N; Dixon 
Springs and Dekalb) or granular ammonium sulfate (21% N; all other locations).  The volatility 
of ammonium nitrate is comparable to that of ammonium sulfate when applied to non-calciferous 
soils, as reviewed by Gezgin and Bayrakll (1995) however, unlike ammonium nitrate, 
ammonium sulfate may lower soil pH (Martikainen 1985).    
Biomass Sampling 
Over the period of this study, trials were harvested at each site after shoots senesced.  
End-of-season P. virgatum yields were determined from biomass sampling following the first 
hard freeze and M. x giganteus yields are calculated from harvest following leaf drop (Table 
2.4). Biomass sampling followed the methods described by Heaton et al. (2008).  Briefly, in each 
subplot, one randomly selected 0.19 m
2
 quadrat was cut by hand to a 5 cm stubble height and 
dried at 74 °C to constant mass.  A one meter guard area at the edge of each sub-plot was omitted 
from viable sampling area to limit the impact of edge effects. Two species, at seven locations 
with four plots of each species at each location and four nitrogen treatments per plot, over three 
45 
 
to four years resulted in a total of 736 biomass samples included in this study (n=4; for each 
species and nitrogen treatment at each location in each year). 
Statistical Analysis 
Each subplot (P) within each of the four plots was identified as the experimental unit and 
all statistical analyses were conducted on the single sub-plot measurement (n=4).  Change in 
yield (y) was tested with a split-plot mixed model repeated-measures ANOVA with the 
Kenward-Rogers correction for degrees of freedom applied to look at the effect of species (S), 
location (L), nitrogen treatment (N), year (Y) and all interactions.  Analysis was performed using 
restricted maximum likelihood (REML; Proc Mixed, SAS version 9.2, SAS Institute, Cary North 
Carolina, USA).  Species was the main plot treatment and N treatment was the subplot treatment.   
Species and location were treated as fixed categorical variables and N treatment as a fixed 
continuous variable.   Sequential measurements made at each location were treated as repeated 
measures by year with a first-order autoregressive covariance structure grouped by species.  By 
including Y×L as a random effect, differences in weather across years and locations are 
accounted. 
Model I:   
                                   
A lack of fit test was used to determine that the linear model adequately described the 
data (Littell et al. 2006; data not shown).   
To assess the nitrogen response rate of species individually across all locations and years, 
a second split-plot, repeated measures in time, mixed model ANOVA was conducted. Nitrogen 
treatment (N), location (L) and the N×L interaction were treated as the fixed effects.   
Model II: 
                   
Pairwise contrast statements were constructed to perform separation of means of the 
linear nitrogen response rates for each location pooled across all years for each species. 
Analysis of covariance was used to determine that a common slope was sufficient to 
describe the nitrogen response of both M. x giganteus and P. virgatum (Littell et al. 2006) and a 
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third split-plot, repeated measures in time, mixed model ANOVA was performed to test at which 
locations there was a significant response.  
Model III: 
               
RESULTS 
Nitrogen fertilization led to significantly increased yields in both species (Table 3.1, 
Figure 3.1). While significant, the increase is small, given that M. x giganteus yields averaged 
23.4 Mg ha
-1
 without nitrogen fertilization and 28.9 Mg ha
-1
 with the highest rate of fertilization 
and unfertilized P. virgatum yielded 10.33 Mg ha
-1
 and 13.6 Mg ha
-1
 under 202 kg N ha
-1
 (Figure 
3.1).  The species by nitrogen interaction did not differ across locations (S×L×N, p>0.1, Table 
3.1, Figures 3.1 and 3.2).  However, within each species the size of response varied by location 
(L×N, p<0.05; Table 3.1, Figures 3.2, 3.3, and 3.4) and when examined independently at each 
location was seen to be significant only at Dekalb and Dixon Springs for both M. x giganteus and 
P. virgatum (Figures 3.2, 3.3, and 3.4). 
Pooled across all locations, M. x giganteus responded to nitrogen at a marginally higher 
rate than P. virgatum i.e. the slope of the response was greater (S×N, p<0.1; Table 3.1, Figures 
3.1 and 3.2).  However, this may largely be by the differences in response by the two species at a 
single site, Orr (Figure 3.2). When examined across all locations and years, M. x giganteus had a 
25% (± 11%) increase in biomass from 0 to 202 kg N ha
-1
 while a 32% (± 13%) increase was 
observed in P. virgatum.  The nitrogen response was most intense at Dekalb where M. x 
giganteus showed an 81% increase in yield and P. virgatum a 114% increase.  The second 
highest response was at Dixon Springs with a 30% and 72% increase in M. x giganteus and P. 
virgatum yields, respectively.  The response at all other locations was also linear, but not 
statistically significant.  The measured nitrogen response was the smallest at Urbana where it 
resulted in a 6% and 9% increase in M. x giganteus and P. virgatum yields, respectively.  As 
seen with previous comparisons, M. x giganteus had significantly higher yields across all 
nitrogen fertilization rates than those of P. virgatum and yield was variable across locations (S, 
p<0.0001, S×L, p<0.0001; Table 3.1, Figures 3.1, 3.3, and 3.4). 
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Although overall N fertilization increased yield in each growing season, N fertilization 
did not ameliorate the decline in yield caused by stand age (3.5).  Instead, yields under 
fertilization seemed to mirror the overall pattern of decreasing yield with increasing stand age 
with a slight shift in the magnitude of the observed yields (3.5).   
DISCUSSION 
This study aimed to explicitly examine the prediction that M. x giganteus does not 
respond to nitrogen fertilization in contrast to P. virgatum in long-term side-by-side trials under 
U.S. Midwest conditions.  The results provide statistically robust evidence that both M. x 
giganteus and P. virgatum respond positively and similarly to N fertilization under multi-year 
measurements under US Midwest conditions.  However, the average increase per crop is small 
(<25%) in comparing zero to 202 kg N ha
-1
.  This contrasts to Zea mays (corn) in continuous 
cultivation where yield increased 77% but is similar to Z. mays in rotation with Glycine max 
(soybean) where yield increased 28% when zero N application is compared to 202 kg N ha
-1
 
(Sawyer 2007).  This observed positive response to N fertilization is in agreement with the 
consensus response from P. virgatum literature but in contrast to the literature available on M. x 
giganteus.  This difference in the observed result and the expected outcome based on previous 
studies in Europe is not unexpected as all previous N trials on M. x giganteus come from 
locations where annual atmospheric N deposition is high and annual biomass production is lower 
than that observed here.  For example, N deposition in Rothamsted (southern England) was 43.3 
kg N ha
-1 
y
-1
 and unfertilized M. x giganteus averaged 13.01 Mg ha
-1
 over 14 years of 
consecutive harvests (Goulding et al. 1998; Christian et al. 2008) while in Urbana, Illinois N 
deposition is 6 kg N ha
-1
 y
-1
 and the observed yield was 31.14 Mg ha
-1 
over eight years of 
consecutive harvests (Illinois State Water Survey 2009, Chapter II).   
Furthermore, there was a trend of a marginally higher response to N by M. x giganteus 
than P. virgatum in this direct side-by-side comparison.  This is unexpected based on the results 
of a review by Heaton et al. (2004a) which found that M. x giganteus had a lower apparent 
dependence on soil N than P. virgatum, but is likely once again a result of M. x giganteus 
literature coming from European production systems of lower productivity and higher N 
deposition.  These results are meaningful because they show that biomass yield of the already 
highly productive species M. x giganteus can be further increased with N fertilization.  However 
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the economic return of the fertilization will be far less than for annual crops such as continuous 
Z. mays. 
Previous studies have isolated nitrogen fixing bacteria from the roots of M. x giganteus 
(Eckert et al. 2001) and it has been hypothesized that it is this variation in the associations of 
these bacteria and different field locations which has led to variability in nitrogen response 
across previous studies (Carroll & Somerville 2009).  This study shows that at each location M. x 
giganteus and P. virgatum are fundamentally reacting the same to nitrogen fertilization, that is 
there was no significant interaction of species by nitrogen treatment by location, which shows 
that at each location, and it is therefore not a difference in mycorrhizal communities under M. x 
giganteus driving location dependent variation in N fertilization response.  
The N fertilization rates utilized in this study are below and within the typical N 
fertilization rates for Z. mays are 85-219 kg N ha
-1 
y
-1
 (Davis et al. 2012).  Figure 3.1 shows the 
observed response of M. x giganteus and P. virgatum relative to the response of Z. mays grown 
under a continuous cropping system versus a rotation with G. max to N fertilization, as 
determined from seven locations in Iowa from 2000 to 2006 (Sawyer 2007).  Under both 
continuous and rotation cropping, the response of Z. mays plateaued at high nitrogen levels.  The 
linear portion of the nitrogen response for Z. mays was greater than that of both M. x giganteus 
and P. virgatum although the absolute yield gains in these second generation bioenergy crops 
was larger than in Z. mays.  An economic analysis regarding the cost of fertilizer relative to the 
increase in profit gained by increased biomass yield is necessary to determine fiscal rate 
recommendations for these second generation bioenergy crops.  Environmental analysis is 
recommended to determine efficiency of nitrogen capture and assess the rate of nitrate leaching 
and nitrous oxide emissions.  Previous studies have identified that both M. x giganteus and P. 
virgatum have extensive rooting systems that are efficient at soil nutrients uptake which indicates 
that soil nitrate leaching is likely low after the establishment year (Parrish & Fike 2005; 
Christian et al. 2006; Cadoux et al. 2011) and the range of application rates utilized in this study 
are within the recommended range for Z. mays. 
Previous long-term studies have shown periods of yield ‘building’, ‘stability’, and 
‘reduction’ in both M. x giganteus and P. virgatum (Clifton-Brown et al. 2007; Christian et al. 
2008; Angelini et al. 2009, Chapter II). Previous work in Europe has shown that M. x giganteus 
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stands continue to achieve high yields through the 15
th
 growing season (Clifton-Brown et al. 
2007; Christian et al. 2008), however this long-term yield is sometimes lower than ‘peak’ or 
‘ceiling’ yield observed in younger stands (Clifton-Brown et al. 2007).  Few studies examine P. 
virgatum production for biomass beyond the 5
th
 year after planting but a long-term study by Fike 
et al. (2006) observed no decline in P. virgatum yield over 10 years with annual N fertilization. 
Chapter II showed that when inter-annual weather effects were accounted for yield of both M. x 
giganteus and P. virgatum declined in the long-term without N fertilization.  The results of the 
present study show that although N fertilization gives increased yields, the overall pattern of 
decreasing yield with increasing stand age is still present. 
If diminishing soil N reserves is the cause of end-or-season yield decline, than N 
fertilization should lead to increased yields in older stands.  Given the higher yields seen across 
the locations within Illinois as compared to the long-term trials in England and Ireland, N 
deficiency resulting from removal of the crop would manifest itself earlier, and so a response to 
N fertilization is expected. Chapter II showed there was a significant decline in yield of both 
species over the long term across all locations.  However, when the effect of nitrogen 
fertilization is examined independently at each location, there is only a significant increase in 
yield for both species at Dekalb and Dixon Springs, suggesting that at the remaining locations N 
limitation was not the primary cause of yield decline.  Ammonium nitrate, as opposed to 
ammonium sulfate, was used at Dekalb and Dixon Springs.  Application of ammonium sulfate 
reduces soil pH which may have led to an inhibitory nitrification effect on the neutral soils of 
Illinois (Martikainen 1985, Table 3.2), although it is typically alkaline soils which inhibit plant 
nitrate uptake (Wetselaar et al. 1972) and moderately acidic soils are most favorable to nutrient 
uptake (Illinois State Water Survey 2003).  Furthermore a positive N fertilization response to 
ammonium sulfate has been observed for M. x giganteus grown on the somewhat alkaline (pH 
8.6) soils in southern Italy (Cosentino et al. 2007).  Finally, studies which have examined 
production of Z. mays at the same locations in Illinois have previously identified a greater yield 
response to increasing N at Dekalb and Dixon Springs relative to Urbana and Orr (Nafziger et al. 
2009, 2010).  This suggests that it is the location, and not the difference in the type of fertilizer 
applied, which is driving the yield response to N fertilizer.   
Although nitrogen is often one of the most limiting minerals for plant production, both M. 
x giganteus and P. virgatum remove other mineral nutrients and retain these at harvest (Cadoux 
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et al. 2011; Kering et al. 2012) which could cause other mineral limitations.  In a review of M. x 
giganteus mineral uptake, Cadoux et al. (2011) reported low uptake of phosphorus (0.05%) but 
high uptake of potassium (0.07%) relative to other graminaceous crops and removal of these key 
nutrients could be limiting on some soils.  However, it was also concluded that high potassium 
content in the soil can lead to “luxury uptake” and potassium fertilization is recommended with 
caution (Cadoux et al. 2011).  
Furthermore, it was predicted in the present study that the response to fertilization will be 
highly dependent on soil type, as is the response of Z. mays across locations in Illinois.   Soils 
rich in organic matter will be able to mineralize more N, which may underlie the greater 
response to N seen previously in Z. mays at Dixon Springs and Dekalb than Urbana (Sawyer et 
al. 2006; Nafziger et al. 2009).  Notably, nitrogen fertilization did not have a significant effect in 
Havana where very light sandy soils low in soil organic matter prevail, however Havana is one 
of the locations with the lowest biomass yields for both M. x giganteus and P. virgatum over the 
history of these field trials (Table 2.6) which suggests that nutrient off-take would be lower than 
at other locations. This is not consistent with the significant nitrogen response of P. virgatum at 
other locations which would suggest that even with lower biomass harvest, nitrogen had become 
limiting.  Nitrogen availability at this site has been low since establishment which may have led 
to initial deeper root and rhizome growth.  Perhaps most importantly, Havana is classified as 
land capability class “4s” (U.S. Department of Agriculture (USDA) Natural Resources 
Conservation Service 2012) which is typified by soils with low moisture water-holding capacity 
and with low soil fertility that is difficult to correct even with nitrogen fertilization (U.S. 
Department of Agriculture (USDA) Natural Resources Conservation Service).  One of the 
locations which achieved the highest yields over the history of these trials is Urbana which is a 
land capability class “1” soil (U.S. Department of Agriculture (USDA) Natural Resources 
Conservation Service 2012) which are well supplied with plant nutrients (U.S. Department of 
Agriculture (USDA) Natural Resources Conservation Service) which may explain why no 
significant response to nitrogen fertilization was observed this location. 
In conclusion this study shows for the first time; 1) that in multi-year trials across Illinois  
M. x giganteus as well as P. virgatum responds positively and significantly to nitrogen 
fertilization; 2) that the response does not occur at all locations and thus a general rule for 
optimum nitrogen application cannot be developed; and 3) loss of nitrogen does not explain the 
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long-term yield decline observed in both crops in Illinois, and therefore other or coincident 
explanations still need to be identified. 
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TABLES AND FIGURES 
Table 3.1: Mixed model analysis of variance and Wald-tests for covariance parameter estimates of 
random effects associated with yield of Miscanthus x giganteus and Panicum virgatum cv. Cave-in-Rock 
across four nitrogen fertilization rates (0, 67, 134, or 202 kg N ha-1) applied in the 6th-9th  growing 
seasons at 2 locations, 7th-9th at 1 location, and 5
th-7th growing seasons at 4 locations in Illinois.  Values in 
bold are significant at α=0.05. 
 
Source of Variation    
Fixed variables Df F-value P 
Species 1 193.79 <0.0001 
Location 6 1.57 0.2074 
Nitrogen 1 29.47 <0.0001 
Species×Location 6 4.86 <0.0001 
Species×Nitrogen 1 3.43 0.0655 
Location×Nitrogen 6 3.08 0.0067 
Species×Location×Nitrogen 6 0.26 0.9542 
     Random variables: Df Z-value P 
Year*Location  2.69 0.0036 
Location(Plot)  0.87 0.1942 
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Table 3.2: Soil Name, Cation Exchange Capacity (meq/100 g), and pH measured in the first soil horizon at 
the seven locations where side-by-side trials of Miscanthus x giganteus and Panicum virgatum cv. Cave-
in-Rock were planted in 2002 and 2004.  Soil descriptions were obtained from USDA Natural Resources 
Conservation Service (2012).   
 
Location Soil Name 
Depth Measured 
(cm) 
Cation Exchange Capacity 
(meq/ 100 g) 
pH 
Dekalb Elpaso 0-53 26-35 5.6-7.3 
Havana Sparta 0-58 2.0-12 5.1-7.3 
Urbana Flanagan 0-46 17-23 5.6-7.3 
Orr Winfield 0-18 10-15 5.6-7.3 
Fairfield Wynoose 0-18 9.1-17 5.1-7.4 
Brownstown Cisne 0-23 11-26 4.5-7.8 
Dixon Springs Grantsburg 0-28 9.0-20 4.1-6.5 
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Figure 3.1: Summary of yield (Mg ha-1) response to four nitrogen fertilization rates (0, 67, 134, or 202 kg 
[N] ha-1) for Miscanthus x giganteus (●) and Panicum virgatum cv. Cave-in-Rock (○) pooled across all 
seven locations and all years of study.  Zea mays (corn) grain yield response to N fertilization under 
continuous Z. mays ( ) and under rotation with Glycine max (soybean, ).  M. x giganteus and P. 
virgatum data from present study and Z. mays data from Sawyer (2007).  Points are mean yield and bars 
indicate ± 1SE, solid line indicates mean response to N. 
 
Nitrogen:  p<0.001 
Species:  p<0.0001 
YM=23.40 + 0.027 * x ; R
2=0.97 
YP =10.51 + 0.014 * x ; R
2=0.86 
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Figure 3.2: Summary of slope of increase in yield (Mg ha-1) relative to increase in nitrogen fertilization 
(kg N ha-1) for Miscanthus x giganteus (●) and Panicum virgatum cv. Cave-in-Rock (○) at each location.  
Points indicate mean response and bars indicate ± 1SE on slope estimate, ** indicate response is 
significant at α=0.05 at a given site.  Letters represent pairwise contrasts (α=0.05) between locations 
separately within each species (a,b,c for M. x giganteus, x,y for P. virgatum). 
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Figure 3.3: Mean annual observed end-of-season dry matter biomass yield (Mg ha-1) of mature 
Miscanthus x giganteus across seven location within Illinois (Dekalb, Havana, Urbana, Orr, Brownstown, 
Fairfield, and Dixon Springs) under four nitrogen fertilization rates of: 0 (●), 67 ( ), 134 ( ), and 202 ( ) 
kg N ha-1.  Bars represent arithmetic means ± 1SE, ** indicate N fertilization response is significant at 
α=0.05. 
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Figure 3.4: Mean annual observed end-of-season dry matter biomass yield (Mg ha-1) of mature Panicum 
virgatum cv. Cave-in-Rock across seven location within Illinois (Dekalb, Havana, Urbana, Orr, 
Brownstown, Fairfield, and Dixon Springs) under four nitrogen fertilization rates of: 0 (●), 67 ( ), 134 ( ), 
and 202 ( ) kg N ha-1.  Bars represent arithmetic means ± 1SE, ** indicate N fertilization response is 
significant at α=0.05 at a given site. 
 
** 
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Figure 3.5: Observed end-of-season dry matter biomass yield of Miscanthus x giganteus (circles) and 
Panicum virgatum cv. Cave-in-Rock (squares) pooled across seven location within Illinois (Dekalb, 
Havana, Urbana, Orr, Brownstown, Fairfield, and Dixon Springs) for the third through ninth growing 
seasons without Nitrogen fertilization (white), and the fifth through the ninth growing seasons with 
nitrogen fertilization rates of 67 kg N ha-1 (light grey), 134 kg N ha-1 (dark grey), and 202 kg N ha-1 (black).  
Points represent arithmetic means ± 1SE.  Solid lines represent cubic fit to observed yields for 
unfertilized crops and dashed lines represent cubic fit to observed yields for crops under 202 kg N ha-1. 
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Chapter IV 
 
Environment has little effect on biomass biochemical composition of Miscanthus x 
giganteus, across soil types, nitrogen fertilization and sampling time 
ABSTRACT 
Efficient conversion of lignocellulosic feedstocks to ethanol depends on the suitable and 
consistent composition of the inputs.  While composition or quality for a given feedstock is 
known to vary, the influence of environment rather than genotype has rarely been separated for 
mature field-grown material.  The sterile hybrid Miscanthus x giganteus is a unique model 
species in which to examine environmental, rather than genetic, control over biomass 
composition because stands of this plant are cloned from a single hybridization event and 
therefore lack genetic variation. Furthermore, given the interest in M. x giganteus as a 
lignocellulosic feedstock, it is valuable to understand the variation in composition of M. x 
giganteus in its own right.  This study examined the effect of production at seven sites spanning 
five degrees of latitude in Illinois, contrasting soil types from sands to clays with land capability 
classes ranging from  1 to 4, a pre- and post-senescence harvest and four levels on nitrogen 
fertilization (0, 67, 135, and 202 kg N ha
-1
) on mature, genetically identical, clonally propagated 
stands of M. x giganteus.  Despite this wide range of environmental variation, composition 
varied little and ranged across all locations, sampling dates, and fertilization treatments from 39-
45% cellulose, 19-24%  hemicellulose, and 19-24% lignin. Nitrogen fertilization, while having a 
small effect, did significantly decreased the proportion of hemicellulose, acetyl, and ash and 
increased cellulose, lignin, and biomass yield.  Delaying harvest from October to December 
significantly increased the proportion of cellulose, hemicellulose, and lignin and decreased the 
proportion of ash and extractables.  However, all of these factors had a much larger effect on the 
quantity rather than quality of yield at a site, suggesting the former would be a much stronger 
route by which environment would influence final ethanol yield.   
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INTRODUCTION 
Lignocellulosic biofuel production requires the efficient digestion of large quantities of 
feedstock.  Lignocellulose is composed largely of three primary cell wall polymers: cellulose, 
hemicellulose, and lignin (Gomez et al. 2008; Rubin 2008). The relative proportion of these 
carbohydrates in a feedstock is known to vary significantly and influences ease of conversion to 
monomer sugars and in turn ethanol yield (Pauly & Keegstra 2008; Templeton et al. 2009, 
2010).  If used for pyrolysis, then the resulting “oil” is also affected by feedstock biochemical 
composition (Diebold 1997; Oasmaa & Czernik 1999).  Consistency in the composition of the 
harvested biomass is therefore a key factor in realizing cellulosic fuels, whether via biochemical 
or thermochemical routes (U.S. Department of Energy (DOE) 2006; Hill et al. 2006; Gomez et 
al. 2008).   
With present technologies for biochemical biofuel production, the content of lignin is 
seen as the major barrier.  Lignin is not easily separated from cellulose, impeding separation of 
cellulose fibrils and slowing access by cellulases. Biomass has to be pretreated in order to make 
the polysaccharides more accessible to enzymes.  A common pretreatment step involves heating 
biomass in the presence of dilute sulfuric acid.  Degradation products formed during this process 
can inhibit the growth of microorganisms and therefore inhibit the fermentation of sugars into 
biofuels.  Lignin can also irreversibly bind enzymes and inhibit the enzymatic de-polymerization 
of cellulose and hemicellulose into fermentable sugars. In theory, lower lignin content in 
biomass is desired.   However, lignin is a cross-linked polymer that is essential in providing 
structural support, limiting pest damage, and allowing xylem vessels to function under the high 
tensions that develop during transpiration (Gomez et al. 2008).  
Hemicellulose, a heteropolysaccharide composed mainly of C5 sugar residues, is more 
easily converted to sugars than cellulose, a homopolymer of β-1,4-linked glucose units primarily 
in crystalline microfibril form (Pauly & Keegstra 2008).  Yeasts have been engineered which can 
ferment C5 sugars as well as C6 glucans (Reddy & Yang 2005; Harris & DeBolt 2010). Given 
that current yeast strains are only effective with xylose, high cellulose concentrations are still 
preferred as they degrade to a single sugar, glucose, relative to the mixture of sugar species 
released on depolymerization of hemicellulose.  Recently, Ha et al. (2011) demonstrated 
improved efficiency in the co-fermentation of cellobiose and xylose thereby allowing 
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simultaneous fermentation of the major sugars released from digesting both cellulose and 
hemicellulose.  Overall feedstock composition affects process configurations, reactor designs, 
and process performance (Templeton et al. 2010). Variation in feedstock would affect processing 
efficiency, since built capacities for different parts of the processing, such as pre-treatment, 
depolymerization, C5 fermentation and C6 fermentation, can only be optimal for a single 
composition of feedstock.  Holocellulose is defined as the sum of the proportion of cellulose and 
hemicellulose to the proportion of lignin (Hodgson et al. 2011).  Examining the ratio of 
holocellulose to lignin (H:L) content provides a method for examining changes in these three 
primary cell wall polymers simultaneously.   
Cell wall heteropolysaccharides have varying degrees of acetylation, but the role of 
polysaccharide acetylation is not understood (Carroll & Somerville 2009). Nonetheless, 
pretreatment of bioenergy feedstocks results in the release of acetate, which inhibit 
microorganism activity and is detrimental in simultaneous saccharification and fermentation 
(SSF) (Carroll & Somerville 2009). Therefore it is desirable that acetyl concentrations in 
bioenergy feedstocks for enzymatic conversion are at a minimum. 
Inorganic elements such as potassium, phosphorus, calcium, and magnesium in the 
harvested biomass constitute its ash content after conversion or combustion (Sannigrahi & 
Ragauskas 2010).  Ash is a waste product which can cause slagging in direct combustion and 
inhibit enzymatic conversion, but in pyrolysis it can also lead to the valuable co-product biochar 
(Sannigrahi & Ragauskas 2010).  Control and manipulation of ash concentration in biomass can 
allow for optimization for different biomass energy production systems. 
Non-structural, solvent-soluble, non-volatile compounds make up the extractable 
component of biomass (Sannigrahi & Ragauskas 2010).  Extractables such fatty acids, resins, 
chlorophyll, waxes, etc. are typically a minor fraction of total biomass composition, but in large-
scale lignocellulosic operations, they could comprise a potential source of value-added co-
products (Sannigrahi & Ragauskas 2010) or they may include inhibitors.  It is therefore 
important to understand extractable concentrations and environmental control of this component. 
Although much emphasis has been put on genetic drivers for cell wall composition 
(Gomez et al. 2008), harvest time and location, rather than genotype, were recently found to be 
the key drivers of cell wall composition of Z. mays stover (Templeton et al. 2009). Furthermore, 
66 
 
at time of writing, no studies had been published which examine changes in acetyl 
concentrations.  Understanding temporal and spatial variation in feedstock quality and 
composition will be critical for lignocellulosic fuel plants. It may also indicate cultural practices, 
timing of harvest, soil type or climates that may favor a higher quality biomass with respect to 
ease of conversion to biofuels.  Since stands of the rhizome propagated sterile hybrid M. x 
giganteus are cloned from a single hybridization event and therefore lack genetic variation, this 
species serves as a unique model in which to study variation in cell wall components as caused 
by environmental factors.  Furthermore, given the emergence of M. x giganteus as a 
lignocellulosic feedstock it is important to understand variation in its composition. 
Previous studies have examined changes in cell wall composition of M. x giganteus in 
response to different fertilizer treatments over the growing season at one location (Hodgson et al. 
2010a), differences between different M. x giganteus clones at multiple locations (Hodgson et al. 
2010b), and cultivars of Miscanthus spp. at one location (Lygin et al. 2011; Hodgson et al. 
2011), but these studies have either taken place at a single location or have confounded the effect 
of location with genotype.  Previous studies have shown a trend of increasing lignin and 
cellulose with delayed harvest but no pattern has emerged for hemicellulose (Table 4.1).  
Hodgson et al. (2010a) showed that with increasing nitrogen fertilization there was a decrease in 
the cell wall components cellulose, hemicellulose, and lignin in the stem, and a decrease in the 
proportion of cellulose in the leaf material, however this was only tested at 0 and 50 kg N ha
-1
.  
Lemus et al. (2008) examined changes in biomass quality in another perennial grass, Panicum 
virgatum, across four nitrogen treatment rates (0, 56, 112, and 224 kg N ha
-1
) and determined 
that cellulose, and lignin increased with increased rates of nitrogen fertilization, while 
hemicellulose and ash declined in bulk sampled biomass material. Soil fertility, nitrogen status 
and temperature might all be expected to cause significant phenotypic variation in cell wall 
composition.  The seven sites at which replicated trials of the same clone of M. x giganteus, 
established across a broad range of soil types and spanning five degrees of latitude in Illinois, 
provided an opportunity to establish the extent to which environment might alter the quality of 
biomass. 
The present study examines variation in cell wall composition by quantifying cellulose 
(as glucan), hemicellulose (as xylan and arabinan), lignin (Klason lignin), acetyl, total ash, and 
extractable concentrations at seven locations, across four nitrogen addition regiments, at two 
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sampling dates on genetically identical clonally propagated stands of M. x giganteus. Therefore 
these mature stands of M. x giganteus in the Midwestern United States provide a unique 
opportunity to isolate the effect of environment, both in space and time, on the quality of 
harvested feedstock in terms of cell wall components. 
MATERIALS & METHODS 
Plant Material 
Biomass samples were collected in 2009 from trials of M. x giganteus established at 
seven sites spanning a variety of soil and weather conditions within Illinois (Table 2.1, Figure 
4.1), as previously described in detail in Chapter II.  The three oldest field trials included in this 
study are the oldest established research trials of M. x giganteus in the United States and were 
planted in 2002 and are located in Dekalb (88.15W, 41.85N), Dixon Springs (88.67W, 37.45N), 
and Urbana (88.23W, 40.08N), Illinois; establishment and maintenance of these trials has been 
previously described by Heaton et al. (2008).  Four additional field sites were established in 2004 
following the same process and experimental design in Brownstown (88.96W, 38.95N), Havana 
(89.84W, 40.30N), Fairfield (88.39W, 38.38N), and Orr (90.82W, 39.81N), Illinois (Dohleman 
2009).  Briefly, these field trials are established in a completely randomized design with each 
plot measuring 10 by 10 meter (n=4) from clonally propagated rhizome stock.  Trials were 
established from greenhouse grown potted plants planted on 1 m centers.   
A split-plot N fertility treatment was initiated in Dekalb and Dixon Springs in 2007 and 
at the remaining five sites in 2008, as previously described in detail in Chapter III.  Briefly, each 
plot was sub-divided into four 5 by 5 meter sub-plots which were randomly assigned a nitrogen 
treatment of 0, 67, 134, or 202 kg N ha-1.  Nitrogen was applied in the form of either granular 
ammonium nitrate (34% N; Dixon Springs and Dekalb ) granular ammonium sulfate (21% N; all 
other locations) which was spread by hand in early spring post-emergence of the crop; in 2009, 
nitrogen was applied in mid-May.  
Above-ground biomass samples were collected from all seven locations prior to 
senescence on October 23-26, 2009 and again after completion of senescence and dry-down of 
the crop on December 4-7, 2009.  Sampling procedure followed the methods outlined by Heaton 
et al. (2008). Briefly, all standing biomass (i.e. stems and leaves) was harvested as a bulk 
biomass subsample from a quadrate of 0.19 m
2
 to a five centimeter stubble height in each 
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treatment subplot (i.e. 5 by 5 meter nitrogen plot within each M. x giganteus plot).  This resulted 
in four independent biological replications for each nitrogen treatment at each location (n=4). 
Samples were dried at 74 °C to a constant mass. Dry tissue was then ground in a cutting mill 
(Cutting Mill SM 200, Retsch, Inc., Haan, Germany) fitted with a 2 mm sieve. From each 
biological replicate, approximately 50 g of ground material was subsampled to be used for 
compositional analysis.  
Growing Conditions 
Soil descriptions, previous cropping history, and previous plot maintenance were 
described previously (Heaton et al. 2008; Dohleman et al. 2009, Table 2.1).  Weather data were 
obtained from NOAA’s Midwestern Regional Climate Center’s Applied Climate System 
(available online at http://mrcc.isws.illinois.edu; Figure 4.1) and are reported from the weather 
station within 1 km of the field trial at all locations except Dixon Springs, where the weather 
station with at least 91% of the data available was 34 km away (Table 4.2).   
Compositional Analysis 
Seven locations with four plots per location and four nitrogen treatments per plot sampled 
on two dates resulted in a total of 224 biomass samples which were included in this study.  From 
each biomass sample a subsample of 50 g was taken to provide material for two technical 
replicates for a total of 448 measurements.   Compositional analysis was performed via wet 
chemistry following the methods described in Sluiter et al. (2010). Briefly, a strong sulfuric acid 
solution was utilized for primary hydrolysis followed by dilution with water and a secondary 
high temperature hydrolysis.  
Miscanthus x giganteus was ground using a high speed rotor mill (Ultra Centrifugal Mill 
ZM 200, Retsch) passing a 2 mm sieve and then oven-dried (105 C for 16 h). In a 5 mL 
extraction cell, 1 gram of biomass and a pre-weighed microfiber filter (Dionex, Sunnyvale, CA, 
USA) were extracted with water and ethanol in an accelerated solvent extractor (ASE350, 
Dionex). The extraction conditions were as follows:  temperature 100 C, 5 min holding time, 3 
cycles per solvent, 150 % rinse, 60 s nitrogen purge. The biomass and filter were quantitatively 
transferred into pre-weighed aluminum pans and dried at 105 C for 16 h and cooled in 
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desiccator for 30 min. The difference of starting mass and mass after extraction (after correction 
for filter and pan) determined the amount of extractables.  
Extracted M. x giganteus was ball-milled for 5 min using a canister ball-mill (model 8200 
tissue pulverizer, Kinetic Laboratory Equipment Company, Visalia, CA, USA). The biomass was 
then oven-dried (105 C for 16 h) and 50 mg were incubated at room temperature with 0.5 mL of 
72% (w/w) sulfuric acid in a modified Hungate vial capped with a rubber stopper; the mixture 
was vortexed every 15 min.  After 1 hr, 14 mL of deionized water was added, and the mixture 
was autoclaved for 60 min. A sugar recovery standard containing glucose, xylose and arabinose 
and the same sulfuric acid concentration was prepared in a similar way and co-autoclaved with 
the samples.  After cooling to room temperature, the mixture was vigorously shaken and was 
kept in the refrigerator overnight, then 2 mL of the clear supernatant was filtered (0.45 µm, PES) 
and used for HPLC analysis. 
The precipitated solids were re-suspended by vortexing, and the suspension was filtered 
through a glass micro filter.  Both the vial and filter were extensively rinsed with deionized water 
and dried at 105 °C overnight; the weight (m1) was determined after cooling in a desiccator for 
30 min.  The filter and solids were then incubated at 575 °C (ramp: 105 °C for 10 min, 200 °C 
for 10 min, 300 °C for 30 min, 575 °C for 3 h, cooling to 105 °C); the weight (m2) was 
determined after cooling in a desiccator for 30 min. The difference m1  m2 resulted in Klason 
lignin (ash corrected). 
For ash determination, 50  100 mg of biomass were incubated on a pre-weighed 
aluminum pan at 575 °C (ramp: 105 °C for 10 min, 200 °C for 10 min, 300 °C for 30 min, 575 
°C for 3 h, cooling to 105 °C); the weight was determined after cooling in desiccator for 30 min. 
Cellulose (as glucan), hemicellulose (as xylan and arabinan), and acetyl, samples were 
analyzed at 50 °C by HPLC on an organic acid separation column (Aminex HPX-87H, 300 x 7.8 
mm, Bio Rad, Richmond, CA) on a 1200 series HPLC with a refractive index detector (Agilent 
Technologies, Santa Clara, CA).  Elution was performed with 0.005 M sulfuric acid at a flow 
rate of 0.6 mL/min. For calibration, solutions of reference compounds in the range of 0.01  10 
mg were prepared. 
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Calculation of Theoretical Ethanol Production 
The U.S. Department of Energy, Energy Efficiency and Renewable Energy “Theoretical 
Ethanol Yield Calculator” (U.S. Department of Energy (DOE) Energy Efficiency and Renewable 
Energy 2012) was used to calculate theoretical ethanol production based on measured glucan, 
xylan, and arabinan concentrations of the biomass samples.  The theoretical ethanol conversion 
factor is calculated as: 
         
              
 
                   
                          
           
                    
                          
                    
               
          
 
               
                           
 
               
                   
 
The product of the theoretical ethanol conversion factor (l Mg
-1
) and biomass yield (Mg 
ha
-1
) gives the overall ethanol yield. 
Statistical Analysis 
To avoid pseudo-replication, the mean value of the two technical replications on each 
biological replication was treated as a single sample for statistical analysis (n=4). Analyses of 
each factor was evaluated individually via split-plot mixed model analysis of covariance 
(ANCOVA) in the SAS statistical software package (PROC MIXED, SAS Institute Inc., Cary, 
NC, USA, Littell et al. 2006). That is, a separate analysis was performed for cellulose, 
hemicellulose, lignin, H:L, acetyl, ash, extractable content, ethanol conversion factor, biomass 
yield, and ethanol yield, each in turn represented as y.  Location (L), and harvest month (M) were 
considered categorical fixed effects and nitrogen treatment (N) a continuous fixed effect while 
plot effect at each location was considered random.   
Model I: 
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Given the relatively small sample size and that this experiment was performed only over 
one year, statistical significance is reported at α<0.1 to minimize type II errors.  In all figures, 
arithmetic means with 1 standard error of the mean are shown. 
RESULTS 
Site Conditions 
 2009 was a wet and cool year for Illinois (Angel 2010).  It was the 11
th
 coolest and 8
th
 
wettest summer in Illinois on record which began in 1895 (Angel 2010).  Annual Palmer 
hydrological drought index (PHDI) and total annual growing degree days base 10 °C are reported 
in Figure 4.1.  
Cell Wall Composition 
Location had a significant impact on the proportion of lignin, cellulose (glucan), total 
hemicellulose (xylan+arabinan), hollocellulose:lignin (H:L) ratio, acetyl, ash and extractables as 
well as the ethanol conversion factor, biomass yield, and overall ethanol yield (Table 4.3).  
Ranges of observed proportions of lignin, cellulose, and hemicellulose for biomass samples 
grown at seven locations and under four nitrogen fertilization rates (0, 67, 134, 202 kg N ha
-1
) 
and harvested in October and December are reported in Table 4.4.  Nitrogen fertilization led to 
significant variation in the proportion of all components except extractables (Tables 4.3 and 4.4, 
Figure 4.2).  Although while significant, all changes were small and almost all were under 2% 
(Tables 4.3 and 4.4, Figure 4.2).  When pooled across locations, increasing nitrogen led to an 
observed decrease in the proportion of acetyl, ash, hemicellulose, and theoretical ethanol 
conversion factor and an increase in lignin, cellulose, biomass and ethanol yield (Table 4.4, 
Figure 4.2, Chapter 3).  Notably, response to nitrogen was location dependent for lignin, 
extractables, H:L (Table 4.3, Figure 4.2).   Response to nitrogen was dependent on harvest month 
for the theoretical ethanol conversion factor and acetyl, and ash (Table 4.3, Figure 4.2).   From 
October to December a significant increase in the proportion of lignin, cellulose and 
hemicellulose occurred as well as an increase in the theoretical ethanol conversion factor (Tables 
4.3 and 4.4, Figure 4.3).  There was a significant decrease in the proportion of ash and 
extractables from October to December (Table 4.3, Figure 4.3).  Notably, there was a significant 
interaction of time of harvest with location for hemicellulose, ash, acetyl, and extractables and a 
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significant interaction of time of harvest with nitrogen treatment for ash and acetyl contents 
(Table 4.3, Figure 4.3). 
DISCUSSION 
This experiment shows that in the genetically identical, clonally propagated species, M. x 
giganteus, nitrogen application regiments, time of harvest, and location lead to statistically 
significant, yet very small changes in cell wall composition.  Based on variation in cellulose and 
hemicellulose content, it was possible to calculate variation in the potential ethanol yield.  
However, when these conversion factors are considered in conjunction with biomass yield, it is 
seen that nitrogen treatment, time of harvest, and location have a much greater effect on the 
quantity rather than quality of biomass.     
The lack of change in the proportion of hemicellulose with time observed in the present 
study is in disagreement with previous studies which observed a decline in hemicellulose 
(Hodgson et al. 2010a; Hodgson et al. 2010b; Hodgson et al. 2011, Table 4.1).  This 
disagreement regarding changes in hemicellulose content is likely driven by differences in the 
proportion of leaf drop in this timeframe.  In the present study, samples were not divided 
between shoot and leaf portions therefore this cannot be directly addressed, but the proportion of 
cellulose and lignin were found to be higher in stem material and hemicellulose was found to be 
higher in leaf material in a previous study of M. x giganteus (Hodgson et al. 2010a). The 
observed increase in cellulose and lignin concentrations from October to December is in 
agreement with the results of previous studies (Hodgson et al. 2010a; Hodgson et al. 2010b; 
Hodgson et al. 2011, Table 4.1). Decreases in ash content from October to December agree with 
the results of previous trials by (Lewandowski & Heinz 2003; Hodgson et al. 2011) which saw 
decreases in ash throughout the growing season.  Those results furthermore suggest that a later 
harvest would result in yet further reductions in ash content.  Current practices in Europe 
recommend delaying harvest of biomass until late winter or early spring in order to reduce 
concentrations of K, Cl, S, N, and P which can negatively impact combustion of the feedstock 
(Lewandowski 2003; Lewandowski et al. 2003).  However, this study suggests that there may be 
an advantage of early harvest in reducing lignin concentrations for enzymatic conversion to 
liquid fuels. 
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Location had a strong statistical effect on overall cell wall composition (Table 4.3).  
Given that harvest occurred following the seventh growing season at three of the locations and 
following the fifth growing season at the remaining two locations, one aspect that could be 
driving location dependent changes is stand age.  However, it is unlikely that these differences in 
composition are driven by differences in stand ages, as previous trials have shown that 
differences in cell wall composition are consistent over growing seasons and different ages of the 
crop (Hodgson et al. 2011).  Instead, differences in location are more likely due to differences in 
baseline soil fertility as well as precipitation and temperature patterns.  Given that 2009 was an 
especially wet year and annual average PHDI was at or above 2, or moderately wet, for all 
locations  and near 4, or extremely wet, for most locations, it is unlikely that moisture is driving 
changes in composition.  Notably the highest lignin and cellulose proportions were observed in 
Urbana, while the lowest were observed in Dekalb (Table 4.4).  Given that increased nitrogen 
was shown to increase lignin and cellulose concentrations and that the Urbana location is a land 
capability class “1” soil (USDA Natural Resources Conservation Service 2012, Table 2.1) which 
is well-supplied with plant nutrients (U.S. Department of Agriculture (USDA) Natural Resources 
Conservation Service), it is not surprising that this location would have high lignin and cellulose.  
However it is surprising that the lowest proportions of these two components is observed at 
Dekalb which is a land capability class ‘2w’ soil and has only minor limitations as compared to 
Havana (4s) or Orr (3e, USDA Natural Resources Conservation Service 2012, Table 2.1).  This 
suggests that it is not solely nitrogen availability which is driving these changes.  
The ethanol conversion factor is calculated as a theoretical maximum and does not take 
into account the inhibitory effects of lignin, ash, and acetyl, nor does it include possible 
additional ethanol produced from non-structural carbohydrates in the extractables which may 
also include precursors to value added co-products.  Specifically, lignin contributes to the  
recalcitrance of a feedstock and increasing lignin concentrations increase the cost of conversion 
to cellulose and hemicellulose by reducing the efficiency of the process (Byrt et al. 2011).   
The holocellulose:lignin ratio across locations ranged significantly from 2.88 ± 0.03 to 
3.32 ± 0.04, a 15% change, across locations in unfertilized plots harvested in December.  This 
ratio was seen to decline with increasing nitrogen fertilization rates, that is, suggesting that as 
nitrogen fertilization increases it will likely become more difficult to digest the feedstock.    The 
same was seen for changes in time of harvest.  Biomass harvested in October has a 2.5% higher 
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hollocellulose:lignin ratio (3.22 ± 0.03)  than biomass harvested in December (3.14 ± 0.04).  
However, biomass harvested in October would be of a higher percent moisture and nitrogen 
concentration than that harvested in December and is therefore not recommended. 
Although overall several significant differences are found between locations, nitrogen 
treatment, and harvest date, none of these changes are large in magnitude.  This suggests that if 
the same clone of M. x giganteus is used at diverse sites servicing a given processing operation, 
composition will vary very little (Table 4.4).  
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TABLES AND FIGURES 
Table 4.1: Composition of Miscanthus x giganteus biomass harvested prior to senescence and after completion of senescence in 
unfertilized plots and reported in the peer-reviewed literature and the present study. 
 Lignin Hemicellulose Cellulose Total Ash 
Pre-
senescence 
Post-
senescence  
Pre-
senescence 
Post-
senescence  
Pre-
senescence 
Post-
senescence  
Pre-
senescence 
Post-
senescence  
de Vrije et al. 2002 n/a 25.0 n/a 24.3 n/a 38.2 n/a 2.0 
Magdid et al. 2004 13.3 n/a 26.6 n/a 41.9 n/a 3.1 n/a 
Hodgson et al. 2010 8.89 10.59 25.76 24.93 42.74 48.4 n/a n/a 
Hodgson et al. 2010 11.40 14.09 26.17 23.98 46.88 54.02 n/a n/a 
Hodgson et al. 2011 12.02 12.58 24.83 25.76 50.34 52.13 n/a n/a 
Lygin et al. 2011 n/a 27.68 n/a 34.84 n/a 44.04 n/a n/a 
Present Study 19.29 20.97 21.9 22.23 40.19 43.38 3.65 2.53 
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Table 4.2: Inventory of weather station locations within 50 km of field site where ≥91% of weather data 
is available for 2009, adapted from Chapter II. 
 
 Climate 
Zone 
Station 
ID 
Distance 
(km) 
Dekalb 2 112223 <1 
Havana 4 115413 <1 
Urbana 5 118740 <1 
Orr 6 116738 <1 
Brownstown 7 118781 <1 
Fairfield 9 112931 <1 
Dixon Springs 9 118020 34 
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Table 4.3: Mixed model analysis of variance associated with Miscanthus x giganteus across four nitrogen 
fertilization rates (0, 67, 134, or 202 kg N ha-1), seven locations, and two harvest dates (October and 
December).  Values in bold are significant at α=0.1. 
  
Location 
(L) 
Nitrogen 
Treatment 
(N) 
Harvest 
Month 
(M) 
L*N L*M N*M L*N*M 
Numerator DF 6 3 1 18 6 3 18 
Lignin 
 
  
   
 
Den DF 21.4 141 141 141 141 141 141 
F Value 5.98 9.69 239.93 2.64 1.02 0.22 0.78 
P value 0.0009 <.0001 <.0001 0.0008 0.4148 0.8842 0.7245 
Cellulose (Glucan) 
 
  
   
 
Den DF 21 141 140 141 140 141 141 
 
F Value 2.25 2.13 341.38 1.1 0.66 1.55 0.85 
 
P value 0.0782 0.0989 <.0001 0.3604 0.683 0.2042 0.6358 
Hemicellulose (Arabinan + Xylan)   
   
 
Den DF 20.8 141 140 140 140 141 140 
 
F Value 13.85 16.21 33.51 1.3 5.38 0.76 0.78 
 
P value <.0001 <.0001 <.0001 0.1957 <.0001 0.5182 0.7212 
Holocellulose:Lignin        
        
 Den DF 21.2 141 141 141 141 141 141 
 F Value 12.47 18.83 24.48 2.88 2.17 0.3 0.75 
 P value <.0001 <.0001 <.0001 0.0002 0.0496 0.8284 0.7506 
Acetyl 
 
  
   
 
Den DF 21.5 142 141 142 141 142 142 
 
F Value 12.34 3.37 483.57 1.23 7.93 2.74 1.09 
 
P value <.0001 0.0203 <.0001 0.2418 <.0001 0.0459 0.3648 
Ash 
 
  
   
 
Den DF 21.9 140 140 140 140 140 140 
 
F Value 7.75 7.24 131.44 1.3 2.64 2.34 0.58 
 
P value 0.0002 0.0002 <.0001 0.1995 0.0187 0.0761 0.9074 
Extractables 
 
  
   
 
Den DF 21.6 142 141 142 141 142 142 
 
F Value 12.48 1.05 1284.98 1.72 6.22 1.43 0.41 
 
P value <.0001 0.3728 <.0001 0.0422 <.0001 0.2356 0.9839 
Theoretical Ethanol Conversion Factor   
   
 
Den DF 20.7 141 141 141 141 141 141 
 
F Value 13.39 3.35 881.66 881.66 8.56 1.13 0.45 
 
P value <.0001 0.0209 <.0001 <.0001 <.0001 0.3391 0.9726 
Biomass Yield   
   
 
Den DF 21 63 . 63 . . . 
 
F Value 7.47 2.38 . 1.08 . . . 
 
P value 0.0002 0.0783 . 0.3876 . . . 
Ethanol Yield        
 Den DF 20.9 62.3 . 62.3 . . . 
 F Value 7.23 2.3 . 1.11 . . . 
 P value 0.0003 0.0861 . 0.363 . . . 
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Table 4.4: Proportion (% total mass) of a) Lignin, b) cellulose, and c) hemicellulose of unfertilized Miscanthus x giganteus across seven locations 
in Illinois, four nitrogen fertilization rates (0, 67, 134, and 202 kg N ha-1) and two harvest dates. 
 
a) Lignin Dekalb Havana Urbana Orr Fairfield Brownstown Dixon Springs Pooled 
Date - kg/N ha-1 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
 
Oct - 0 18.50 0.70 20.35 0.61 20.08 0.43 19.30 0.39 19.52 0.76 18.76 0.50 18.76 0.08 19.29 0.22 
Dec - 0 19.50 0.35 21.56 0.23 22.57 0.11 21.20 0.42 21.60 0.29 20.15 0.54 20.21 0.27 20.97 0.22 
Oct - 67 20.09 0.24 19.21 0.27 21.06 0.37 19.66 0.35 19.86 0.52 19.31 0.49 19.35 0.18 19.69 0.16 
Dec - 67 20.93 0.29 20.80 0.42 22.68 0.25 21.22 0.29 21.83 0.25 21.57 0.34 20.33 0.24 21.32 0.17 
Oct - 134 19.81 0.58 20.12 0.55 21.06 0.66 20.54 0.48 19.98 0.59 19.79 0.31 19.10 0.61 20.03 0.22 
Dec - 134 21.48 0.33 21.50 0.17 22.53 0.10 21.58 0.33 21.34 0.32 21.10 0.30 21.18 0.26 21.53 0.12 
Oct - 202 20.63 0.35 19.80 0.41 20.56 0.35 20.26 0.26 19.93 0.40 19.80 0.52 19.64 0.46 20.10 0.15 
Dec - 202 21.17 0.14 21.36 0.34 21.63 0.60 21.69 0.18 21.79 0.17 21.30 0.32 21.65 0.11 21.51 0.11 
Oct - Pooled 19.76 0.30 19.84 0.24 20.60 0.24 19.94 0.21 19.82 0.26 19.39 0.24 19.21 0.19 19.77 0.10 
Dec - Pooled 20.77 0.23 21.30 0.16 22.35 0.18 21.42 0.15 21.62 0.13 21.03 0.22 20.84 0.19 21.33 0.08 
 
 
                b) Cellulose Dekalb Havana Urbana Orr Fairfield Brownstown Dixon Springs Pooled 
Date - kg/N ha-1 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
 
Oct - 0 38.89 0.98 41.58 0.93 40.37 0.77 40.44 0.71 40.43 1.67 39.59 0.94 40.35 0.36 40.19 0.36 
Dec - 0 41.57 0.78 43.55 0.34 44.41 0.22 43.45 0.38 44.36 0.60 42.07 0.75 44.27 0.39 43.38 0.27 
Oct - 67 40.13 0.40 39.90 0.32 41.91 0.04 41.24 0.58 39.97 0.78 39.79 1.06 41.46 0.46 40.53 0.26 
Dec - 67 43.60 0.47 43.48 0.48 44.16 0.36 43.43 0.19 43.83 0.25 43.62 0.35 44.28 0.18 43.77 0.13 
Oct - 134 40.04 0.82 40.50 0.87 41.49 0.81 41.42 0.56 40.89 0.66 40.97 0.65 40.77 1.13 40.84 0.29 
Dec - 134 43.43 0.43 43.26 0.11 43.19 0.54 43.16 0.42 43.18 0.60 42.59 0.38 44.08 0.18 43.27 0.16 
Oct - 202 41.32 0.46 39.95 0.79 41.59 0.73 41.24 0.28 41.15 0.56 40.63 0.57 41.57 0.71 41.11 0.22 
Dec - 202 42.72 0.39 43.40 0.28 43.78 0.23 43.81 0.28 43.92 0.35 43.03 0.59 44.46 0.16 43.59 0.16 
Oct - Pooled 40.09 0.39 40.44 0.37 41.24 0.38 41.08 0.27 40.61 0.47 40.20 0.41 41.03 0.35 40.66 0.15 
Dec - Pooled 42.83 0.32 43.42 0.15 43.88 0.20 43.46 0.16 43.82 0.25 42.83 0.28 44.27 0.12 43.50 0.09 
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Table 4.4 (continued): Proportion (% total mass) of a) Lignin, b) cellulose, and c) hemicellulose of unfertilized Miscanthus x giganteus across 
seven locations in Illinois, four nitrogen fertilization rates (0, 67, 134, and 202 kg N ha-1) and two harvest dates. 
                 c) Hemicellulose Dekalb Havana Urbana Orr Fairfield Brownstown Dixon Springs Pooled 
Date - kg/N ha-1 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
 
Oct - 0 22.13 0.48 21.75 0.40 20.66 0.64 22.60 0.62 21.04 0.71 23.31 0.50 21.76 0.07 21.90 0.24 
Dec - 0 23.17 0.44 22.02 0.24 20.52 0.42 21.90 0.31 21.43 0.37 23.70 0.78 22.88 0.34 22.23 0.24 
Oct - 67 21.05 0.25 22.08 0.35 19.83 0.25 21.82 0.46 20.86 0.28 22.70 0.43 20.71 0.09 21.40 0.20 
Dec - 67 21.77 0.38 22.00 0.27 20.48 0.30 21.91 0.31 21.84 0.32 22.42 0.37 22.42 0.30 21.83 0.16 
Oct - 134 21.00 0.63 21.91 0.23 19.74 0.34 21.36 0.26 20.35 0.21 22.33 0.37 21.07 0.59 21.11 0.21 
Dec - 134 21.62 0.41 22.23 0.20 20.60 0.37 21.64 0.23 21.90 0.39 23.01 0.53 22.00 0.25 21.86 0.18 
Oct - 202 19.97 0.48 22.03 0.03 18.97 0.48 21.75 0.47 20.12 0.65 22.39 0.50 20.07 0.27 20.71 0.28 
Dec - 202 21.77 0.13 21.79 0.22 20.12 0.27 21.17 0.07 21.56 0.32 22.23 0.61 21.49 0.16 21.45 0.16 
Oct - Pooled 21.04 0.29 21.95 0.14 19.80 0.30 21.88 0.24 20.59 0.25 22.71 0.23 20.90 0.22 21.28 0.12 
Dec - Pooled 22.08 0.23 22.01 0.11 20.43 0.16 21.65 0.14 21.67 0.17 22.84 0.30 22.20 0.18 21.84 0.10 
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Figure 4.1: Cumulative annual GDD base 10°C (GDD10) (●) and Palmer Hydrological Drought Index (PHDI) 
(▼)   in 2009 from seven monitoring stations of the Midwestern Regional Climate Center 
(http://mrcc.isws.illinois.edu) near field stations planted in 2002 located at A) Dekalb, B) Urbana, C) 
Dixon Springs, and planted in 2004 D) Havana, E) Orr F) Brownstown, and G) Fairfield (adapted from 
Chapter II).  Solid line indicates ‘0’ value of PHDI. 
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Figure 4.2: Changes in proportion (% of total mass)  of Extractables (●), Acetyl (●) , Ash (●), Lignin (●), 
Hemicellulose (●), and Cellulose (●) by nitrogen fertilization rate (0, 67, 134, 202 kg N ha-1) of 
Miscanthus x giganteus harvested in December pooled across seven locations in Illinois in 2009. Arrows 
indicate direction of change in concentration of component from low to high nitrogen fertilization rate 
and ** indicates significant difference between months at α<0.05, † indicates significant interaction 
effect of nitrogen fertilization rate with location, ‡ indicates significant interaction effect of nitrogen 
fertilization rate with harvest month. 
 
↓**‡ 
↓** 
 
↑**† 
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Figure 4.3: Changes in proportion (% of total mass)  of Extractables (●), Acetyl (●) , Ash (●), Lignin (●), 
Hemicellulose (●), and Cellulose (●) by month of harvest (October and December) in unfertilized 
Miscanthus x giganteus pooled across seven locations in Illinois in 2009. Arrows indicate direction of 
change in concentration of component from October to December and ** indicates significant 
difference between months at α<0.05, † indicates significant interaction effect of month of harvest with 
location, ‡ indicates significant interaction effect of month of harvest with nitrogen fertilization rate. 
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Chapter V 
 
Miscanthus x giganteus yields more than Panicum virgatum across the Eastern U.S. 
ABSTRACT 
Miscanthus x giganteus has emerged as an alternative to the more widely tested  
Panicum virgatum when considering potential sustainable C4 perennial feedstock for 
bioenergy in the U.S.  There has been no direct comparison of the two species in side-by-
side trials across a broad geographic range with respect to establishment and initial yields.  
Studies that have made this comparison within a limited geography have been confined to 
just one cultivar of P. virgatum.  Establishment of both crops is followed by a period of 
stand building, and mature yields are only achieved by year three.  This study examines 
establishment and yield of M. x giganteus and regionally appropriate cultivars of P. 
virgatum in side-by-side trials at 10 locations in the eastern U.S. (GA, IL, KY, LA, MI, MS, 
NJ, OK, SD, WI) and 1 in Ontario, Canada over the first three years of growth and compares 
these data to model based predictions of biomass yield.  Establishment of both species at all sites 
was very successful 93% - 100% of plants surviving to the second year after planting.  Averaged 
across all locations third-year, average yields of M. x giganteus were significantly larger than 
those for P. virgatum (12.9 ± 1.1 Mg ha
-1
, 10.8 ± 0.7 Mg ha
-1
), but the difference between 
species was location dependent. P. virgatum yielded ca. 57% more than M. x giganteus in 
Ontario and South Dakota while in Michigan and Illinois M. x giganteus yielded 214% more. At 
all other locations, there was no significant difference in yield between the two species.  In 
general, the observed yields of M. x giganteus across this wide geography was less than 
previously predicted by yield models, while  P. virgatum yields were largely as  predicted.  This 
may reflect a slower rate of stand building in M. x giganteus in the unusually dry years across of 
this trial or/and the lack of regionally adapted cultivars of M. x giganteus.  Given these yields, 
meeting this production mandate with M. x giganteus and P. virgatum would require 27 and 32.5 
million hectares, respectively, however land area requirements could be substantially reduced by 
planting at only those locations which performed best.   
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INTRODUCTION 
Given the magnitude of feedstock required to meet bioenergy production goals in the 
U.S., biomass crops will need to be produced across a broad geographical range. Equally, to 
understand both the viable range of a feedstock and to understand where a feedstock will provide 
its highest yields, trials across a broad geographical range will be needed.   Miscanthus x 
giganteus Greef and Deuter ex Hodkinson and Renvoize (Greef & Deuter 1993; Hodkinson & 
Renvoize 2001) and Panicum virgatum L. (switchgrass) are promoted as high yielding, low input 
crops for bioenergy production throughout the U.S.  However, long-term trials of M. x giganteus 
in the U.S. have been limited to the relatively narrow geographic range of Illinois (Chapters II 
and III).   
Across a broad range of environmental conditions both M. x giganteus and P. virgatum 
productivity appears to track climate and soil water-holding capacity, rather than soil fertility 
(Christian & Haase 2001; Parrish & Fike 2005). Across Western Europe harvested yields of M. x 
giganteus ranged from 10-40 t ha-1 with the lowest yields at the northern limits of agricultural 
land and highest in moist or irrigated southern sites (Clifton-Brown et al. 2001; Heaton et al. 
2004a). However, until recently there were no side-by-side trials comparing these two grasses 
and M. x giganteus has only recently been trialed within the U.S. (Heaton et al. 2008). 
Observations from field sites within Illinois show that unlike Z. mays, whose production is 
highest on the rich soils of northern and central Illinois, M. x giganteus achieves greater yields in 
southern Illinois where soils are poor but rainfall and temperature are higher (Heaton et al. 2008; 
Miguez et al. 2009).  
Side-by-side trials of these two grasses were established in Illinois and it was found that 
M. x giganteus consistently yielded 2-3 times more biomass than P. virgatum over 8-10 mature 
growing seasons in Illinois, 23.4 ± 1.2 t ha
-1 
y
-1
 compared to 10.0 ± 0.9 t DM ha
-1
 y
-1
, 
respectively (Chapter II). However, from a review of P. virgatum studies, it was concluded that it 
should be possible to select well-adapted cultivars which consistently and sustainably produce 
≥15 Mg biomass ha-1 yr-1 at sites that receive at least 70 cm of rainfall per year (Parrish & Fike 
2005).  Additionally, it is known that P. virgatum yields are highly variable depending on 
environment and cultivar (Parrish & Fike 2005), yet the side-by-side trials of M. x giganteus and 
P. virgatum tested just one switchgrass cultivar (Cave-In-Rock) (Heaton et al. 2008; Dohleman 
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2009, Chapter II).  A review by Heaton et al. (2004) surveying all peer-reviewed studies of all P. 
virgatum trials, found that for any given temperature, precipitation, or N regime, M. x giganteus 
always yielded more harvestable biomass than P. virgatum.  Further, a detailed mechanistic 
model of M. x giganteus and P. virgatum productivity that was validated against trials across 
western Europe, and across the U.S., predicted that  M. x giganteus would produce higher third 
year yields than P. virgatum under rain-fed conditions across the continuous U.S. (Miguez et al. 
2009, 2011).  Verifying these predictions requires side-by-side trials of the two species across a 
broad range of soils and locations, with several cultivars. Given existing pressures on water 
resources, it is assumed that production of these bioenergy crops will only be appropriate for 
regions where viable yields can be obtained without irrigation. Site selection was limited to 11 
locations where precipitation exceeded 60 cm yr
-1
, with the exception of South Dakota, where 
lower temperatures and lower evapotranspiration would offset the lower precipitation (Table 
5.1).  
This study asks the questions:  Will establishment of P. virgatum and M. x giganteus be 
successful across all locations? And will the third-year yields of M. x giganteus continue to 
exceed those of P. virgatum at all locations? 
MATERIALS & METHODS 
Crop Establishment 
Trials at 10 locations were established in May and June 2009 across the eastern half of 
the U.S. (GA, IL, KY, LA, MI, MS, NJ, OK, SD, WI) and in 2010 at one location in Ontario, 
Canada (ON) (Table 5.1). Experimental design followed that of the earlier Illinois trials as 
described previously by Heaton et al. (2008). In brief, each field trial was planted to the same 
completely randomized design of four 10 meter x 10 meter plots of M. x giganteus and P. 
virgatum (n=4 for each species at each site).   
M. x giganteus rhizomes for all locations within the U.S. were obtained from the Energy 
Farm at the University of Illinois in Champaign-Urbana. Rhizomes (average size <20 g) were 
harvested from five-year old research stands of M. x giganteus located in Urbana, IL (Dohleman 
2009) that had not previously been harvested for rhizomes. Rhizomes were harvested 
mechanically using a rhizome lifter (Tomax Regen, Tomax Ltd., Warterford, IE) in the fall of 
2008 and stored in sealed containers in cold storage (4°C) to maintain moisture and induce 
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dormancy (Anderson et al. 2011). In February 2009, M. x giganteus rhizomes were transferred to 
the greenhouse to make sprouted plugs for planting.  Plugs were made by planting each rhizome 
into a 12.7 cm square pot filled with potting media (SB300 Universal Sun Gro Horticulture) and 
fertilized bi-weekly using a water soluble 20:20:20 NPK fertilizer (Scott’s Peters Excel, The 
Scotts Company, Marysville, OH, USA). Plants were provided supplemental lighting when 
natural levels fell below 700 W m-2 between 6:00 and 18:00 and temperatures were maintained at 
26-28 °C day and 22-24 °C night with humidity maintained at 75-80% RH.  M. x giganteus 
propagules for the field trial in Canada were of the same genetic material as all other locations, 
but were obtained from New Energy Farms (http://www.newenergyfarms.com, Leamington, 
Ontario, Canada).  Before field planting, plantlets were hardened outside in a sheltered area for at 
least two weeks. M. x giganteus plants were planted by hand into the field on 1 meter grid 
spacing for a total of 100 plants per replicate plot of 10 m x 10 m.  
For each location, a P. virgatum variety was selected that was expected to perform 
optimally in the given region (Table 5.1).  P. virgatum was propagated from seed into cone-
tainers (SC-10 Super Cell, Ray Leach Supercells, Stuewe and Sons, Inc, Corvallis, OR) (~10 
seed per cone-tainer). Seedlings were grown under the same greenhouse and hardening 
conditions as M. x giganteus. P. virgatum was planted into the field by hand on 0.5 meter grid 
spacing for a total of 400 plants per replicate 10 m x 10 m plot, a total of 16000 plugs across the 
10 sites. These different densities reflect standard planting densities for the two crops, and are 
sufficient to allow both species to form a closed canopy and fully occupy the area planted within 
2-3 years.  
Growing Conditions 
Soil descriptions, land capability classes and 30 year average temperature and 
precipitation are reported in Table 5.1.  Weather data for locations in the U.S. were obtained 
from NOAA’s Midwestern Regional Climate Center’s Applied Climate System (National 
Oceanic and Atmospheric Administration National Climatic Data Center 2012)  and for the 
location in Canada from the National Climate Data and Information Archive (Environment 
Canada 2012) and are reported from the weather station nearest each field site (less than 16 km 
away) for  the given year (Table 5.2, Figures 5.1 and 5.2).  GDD18 is utilized as readily available 
measure of heat accumulation for which to compare conditions across years and is calculated as: 
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GDD18 was calculated as: 
      ∑            
where Tavg is mean daily temperature, and where GDD10  is zero on days where Tavg ≤ 18°C. 
The field trial in Georgia received annual irrigation consistent with the crops grown in 
this region.  The field trial in Michigan was fertilized annually at the rate of 78.5 kg N ha
-1
 on the 
P. virgatum and 146 kg N ha
-1 
on the M. x giganteus as is consistent for the other bioenergy crop 
trials in this region.  All other locations did not receive fertilization or irrigation. 
Establishment Measurements 
Following the first full growing season and overwintering, establishment was scored 
following emergence the next spring (Table 5.3).  Scoring of establishment consisted of 
determining percent winter survival by counting of all emerged M. x giganteus and P. virgatum 
plants in each plot at all locations to determine percent survival.  Tiller density was measured on 
M. x giganteus at the same time that percent winter survival was determined at all locations 
except Michigan.   
Tiller density during the second growing season was not measured for P. virgatum. Tiller 
density was determined by counting all the tillers in a 1 m
2
 area for M. x giganteus. Light 
interception was measured with a line quantum sensor (AccuPAR LP-80; Decagon Devices Inc., 
Pullman, WA, USA)  to allow estimation of  leaf area index (LAI) following the method of 
Heaton et al. (2008) with the following modifications.   Measurements of light interception 
consisted of one observation of photon flux above the canopy followed by five observations 
below the canopy from positions spanning the between row space.  
LAI was estimated at each site, except for the at the Ontario, Michigan, and Louisiana 
locations, on the same day as establishment was scored.  LAI was estimated from measurements 
of light interception based on the probability that a ray of light would penetrate the canopy, 
correcting for the zenith angle of the sun and leaf area distribution (Nobel et al. 1993; Decagon 
Devices 2010).  Measurements of LAI reported in this study include light which may have been 
intercepted by the stem as well as the leaf, and is therefore technically shoot surface area.  
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Biomass Sampling 
Biomass sampling followed the method described in detail by Maughan et al. (2011).  
Briefly, after full senescence, in each plot, two biomass samples of 1 m
2
 were cut by hand to a 
five centimeter stubble height. This larger area as compared to Heaton et al. (2008), decreases 
sub-sample variability and therefore increases statistical sensitivity. These samples were weighed 
in situ to determine fresh weight and then further random subsampling was undertaken by 
removing tillers at random (10 tillers for M. x giganteus and 20 for P. virgatum). These were 
weighed and then dried at 74 °C to constant weight. The calculated moisture content was then 
used to determine the dry weight of the shoot harvest from the 1 m
2
 subsample . Tiller density at 
time was recorded at harvest the method described previously for M. x giganteus and for P. 
virgatum it was measured on a 0.25 m
2
 area basis.  
The trial in Wisconsin was accidentally mown in August by farm staff in 2010 and again 
in 2011, this site had therefore to be dropped from further analysis.  Additionally in 2010, M. x 
giganteus and P. virgatum biomass and tiller density was not determined at Ontario (first-year of 
growth), and New Jersey, for logistical reasons.  P. virgatum yield was not measured at 
Kentucky in 2010 due to technical difficulties.  2011 dry subsample weights for M. x giganteus 
and P. virgatum from Georgia has not yet been reported.  
Statistical Analysis 
Plot (P) was identified as the experimental unit and all statistical analyses were conducted 
on the average of the two measurements for each plot to avoid pseudo-replication (n=4).  
Analysis was performed using restricted maximum likelihood (REML; Proc Mixed, SAS version 
9.2, SAS Institute, Cary North Carolina, USA).  Establishment data (i.e. percent survival, tiller 
density, and LAI), represented as y, were tested with a mixed model ANOVA with the Kenward-
Rogers correction for degrees of freedom applied to account for unbalanced data (Littell et al. 
2006) to look at the effect of species (S) and location (L) during the 2
nd
 growing season. 
Model I: 
               
At each location, differences between LAI of M. x giganteus and P. virgatum were 
determined using pairwise comparison (α=0.05) with species as the only fixed effect. Across all 
92 
 
locations, for each species, differences in tiller density and percent survival were determined via 
the same analysis (α=0.05) with location as the only fixed effect 
Each variable (i.e. percent survival, LAI, tiller density, and biomass yield, indicated as y) 
was tested with a mixed model repeated-measures in time ANOVA with the Kenward-Rogers 
correction for degrees of freedom applied to look at the effect of species (S), location (L), year 
(Y) and all interactions.  Species was the main plot treatment.  Species and location were treated 
as fixed categorical variables.  By including Y as a random effect, differences in weather across 
years are accounted. 
Model II: 
                 
At each location, differences between yield in 2011 of M. x giganteus and P. virgatum 
were determined using pairwise comparison (α=0.05) with species as the only fixed effect. For 
each species independently, differences in yield in 2011 across locations were determined via 
pairwise comparison (α=0.05) with location as the only fixed effect. 
Modeled Yield Predictions 
Miguez et al. (2011) modeled end-of-season yield following the third growing season for 
M. x giganteus and P. virgatum across the continuous U.S.   Predicted third growing season 
yields for all U.S. locations in the present study, reported on a county-level basis from Miguez et 
al. (2011), were accessed via the Energy Biosciences Institute Biofuel Ecophysiological Traits 
and Yields Database (BETYdb, LeBauer et al. 2010).   
RESULTS 
Establishment was successful at all sites with second year winter survival ranging from 
93-100% across all locations for both species (Table 5.3). Both species established equally well 
across all locations (Species, p=0.167; Species×Location, p=0.539) however percent survival 
was dependent on location (Location, p=0.0009, Table 5.3).  The lowest percent survival for M. x 
giganteus was 94% at the location in New Jersey, and the highest was 100% survival in Ontario, 
Illinois, Kentucky and Oklahoma (Table 5.3).  The lowest percent survival for P. virgatum was 
also at the location in New Jersey, and the highest was 100% in Oklahoma and Georgia. 
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  When establishment criteria were measured across all locations, LAI was measured on 
different dates and therefore slightly different stages in the growing season, therefore it is not 
appropriate to compare across locations (Table 5.3). However, comparisons can be made 
between species at each location independently.  Notably, of the locations where LAI was 
measured, Illinois was the only location where LAI of M. x giganteus was significantly greater 
than that of P. virgatum, at Mississippi no significant difference in LAI was detected and at all 
other locations measured, LAI of M. x giganteus was significantly less than that of P. virgatum 
(Figure 5.3).  On average across all locations where it was measured, M. x giganteus LAI was 
25% lower than that of P. virgatum (Figure 5.3).  In 2010 and 2011, tiller density was lower in 
M. x giganteus than in P. virgatum and did not increase between the two years (Figures 5.4). 
In 2011, the third year for all sites, except Ontario, M. x giganteus yielded 12.9 ± 1.1 Mg 
ha
-1
, significantly more biomass than P. virgatum with 10.8 ± 0.7 Mg ha
-1 
(Figure 5.6).   
However, when yield of the two species is examined independently at each location, at Ontario 
and South Dakota, P. virgatum yielded 57% more biomass on average than M. x giganteus while 
at Michigan and Illinois M. x giganteus yielded 214% more.  At all other locations, while a 
higher yield was indicated in most cases for M. x giganteus, it was not significantly greater 
(Figure 5.6).  
Among sites in 2011, M. x giganteus yield was highest in Michigan, Illinois, Mississippi 
and Kentucky (α=0.05, Figure 5.6). P. virgatum yield was highest in Kentucky, Mississippi, New 
Jersey, Louisiana and Ontario (α=0.05, Figure 5.6).  Notably, M. x giganteus yield did not 
exceed 25 Mg ha
-1
 and that of P. virgatum did not exceed 18 Mg ha
-1 
(Figure 5.6).  When 
considered across both species and all locations in 2011, highest yield was achieved by M. x 
giganteus in Michigan, Illinois, Mississippi and Kentucky and P. virgatum in Kentucky 
(α=0.05), all exceeding 15 Mg ha-1 (Figure 5.6). 
Observed yields of M. x giganteus at all U.S. locations except Michigan in the third 
growing season (i.e. 2011) were below modeled predictions.  Yields at the trial in Michigan were 
underestimated by 23% by the modeled projections of Miguez et al. (2011).  Third growing 
season yields of M. x giganteus were overestimated by the projections of Miguez et al. (2011) at 
Oklahoma (68%), South Dakota (65%), New Jersey (64%), Kentucky (37%), Louisiana (26%), 
Illinois (24%), and Mississippi (22%; Figure 5.5).  However, the yields predicted for P. virgatum 
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by Miguez et al. (2011)  are in general agreement with the yields observed in the present study.  
Notably, the predictions of P. virgatum yield at the South Dakota and New Jersey locations 
underestimate the observed third year yield. 
DISCUSSION 
This study aimed to determine if establishment of P. virgatum and M. x giganteus would 
be successful across all locations. Both M. x giganteus and P. virgatum were successfully 
established at a wide range of locations across the eastern U.S. and into southern Canada (Figure 
5.3).   Another aim of this study was to determine if the third-year yields of M. x giganteus 
would exceed those of P. virgatum, as seen previously in the U.S. Midwest, across a broader 
geographic range.  Pooled across all locations in 2011 where data was available, M. x giganteus 
yielded 12.90 ± 1.11 Mg ha
-1
, significantly more biomass than P. virgatum with 10.78 ± 0.72 Mg 
ha
-1
 (Figure 5.6). 
Establishment was successful despite cooler than normal growing conditions and less 
than normal precipitation levels during the establishment year (Figures 5.1 and 5.2).  Tiller 
density of M. x giganteus during the second year of growth was consistent with values reported 
by Heaton et al. (2008) (Figure 5.4) although observed values of LAI were lower than previously 
reported for both M. x giganteus and P. virgatum (Figure 5.3).  Lower LAI values for P. 
virgatum in the present study as compared to Heaton et al. (2008) can be expected in the present 
study due to differences in the establishment method.  Lower LAI values of M. x giganteus 
might be explained by the low levels of precipitation in 2010 (Figures 5.2 and 5.3).   
Although yield differences between the two species is location dependent, pooled across 
the U.S. M. x giganteus yields 20% more biomass than P. virgatum (Figure 5.6).  However the 
difference is much smaller than observed in side-by-side studies conducted previously in Illinois 
(132%, Chapter II) and projected from mechanistic models (Miguez et al. 2009, 2011) and 
literature surveys (Heaton et al. 2004), where a ca. 2-fold difference would be expected.  This 
may result from three factors.  1) The lower planting density used for M. x giganteus relative to 
P. virgatum which could require a longer time to achieve canopy closure.  This might be proven, 
if later years show a larger yield advantage for M. x giganteus.  This hypothesis is also supported 
by the lower yields of M. x giganteus relative to P. virgatum in Ontario, where the crops were in 
the second, rather than third year, and where the impact of a lower planting density would be 
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greater, since the initial plantings have had less time to spread out.  While the problem might be 
overcome by planting M. x giganteus at a higher density, at present the cost of M x giganteus 
rhizomes will be substantially more than seed of Panicum virgatum, such that in practice a 
higher planting density is unlikely to be economically viable (Khanna et al. 2008).  2) Drier 
weather than average over the growing seasons during this study could have exacerbated the 
impact of a lower planting density, slowing the rate of expansion.  3) In this study cultivars of P. 
virgatum adapted to each region studies were selected, while in previous side-by-side trials a 
single cultivar has been used.  By contrast, M x giganteus is a single clone and the only clone 
available in sufficient quantity for these trials.  Inevitably, one clone cannot be adapted to all 
locations.   
Independently at each location, M. x giganteus yield was highest across the Midwest with 
the exception of South Dakota and there was no pattern to pick out the highest yielding sites of 
P. virgatum. Looking specifically at the location in Illinois, M. x giganteus yielded 22.88 ± 1.87 
Mg ha
-1
 significantly more than P. virgatum which yielded 9.33 ± 1.40 Mg ha
-1
 (Figure 5.6).  
These values are comparable to third year biomass yield from previous trials on M. x giganteus 
and P. virgatum located less than 5 km away, reporting 25.1 ± 2.5 Mg ha
-1
 and 12.8 ± 1.2 Mg ha
-
1
, respectively (Heaton et al. 2008).  Differences in P. virgatum yields between the two studies 
can once again likely be explained by differences in establishment methods and weather 
conditions during the periods of study.   
 The yields observed in this study averaged across all locations for M. x giganteus (12.90 
± 1.11 Mg ha
-1
) 
 
were well below the yield of established stands of these two species across 
Illinois (23.4 ± 1.2 t ha
-1 
y
-1
, Chapter II) .  However, the yields in this study averaged across all 
locations for P. virgatum (10.78 ± 0.72 Mg ha
-1
) were comparable to the long-term Illinois 
average (10.0 ± 0.9 t DM ha
-1
 y
-1
 for P. virgatum cv. Cave-in-Rock; Chapter II).  Observed 
yields for M. x giganteus across all locations are well below the predictions projected for three 
year old stands across the U.S while predicted yields of P. virgatum do approximate observed 
yields (LeBauer et al. 2010; Somerville et al. 2010; Miguez et al. 2011).  The agreement of 
modeled values to observed P. virgatum, and not M. x giganteus, yields suggests a faster 
establishment period for P. virgatum than M. x giganteus.  Furthermore, across all locations over 
the period of this study the weather was characterized by near average temperatures, but with 
low annual precipitation, on average 33% lower than the 30 year averages across all location 
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over the three year period of this study.  Reduced precipitation is likely driving this decreased 
yield in M. x giganteus as previous research has shown that M. x giganteus is more strongly 
affected by water than P. virgatum (Heaton 2004b).  It is unlikely that all of these locations have 
achieved full maturity and yields can be expected to increase for both species over the next two 
years.  Yields of M. x giganteus are expected to increase more than those of P. virgatum based 
on previous work assessing the impact of stand age on these two species (Chapter II).  This study 
shows that in these young stands, under some conditions, namely at Ontario and South Dakota, 
some varieties of P. virgatum achieve higher end of season biomass yields than M. x giganteus 
and that at some locations yields of the two species are comparable.   
The Renewable Fuel Standard (RFS) established by the Energy Independence and 
Security Act (EISA) of 2007 mandates the production of 133 billion liters of biofuel by 2022 
(Environmental Protection Agency (EPA) 2012). From the present study which looked across the 
eastern U.S. and into southern Canada, it was shown that establishment of M. x giganteus and P. 
virgatum across a broad geographic range is possible.  Across the geographic range covered by 
this study, in 2011, M. x giganteus yielded 12.90 ± 1.11 Mg ha
-1
, significantly more biomass 
than P. virgatum with 10.78 ± 0.72 Mg ha
-1
 (Figure 5.6).  Given these yields, meeting this 
production mandate with M. x giganteus and P. virgatum would require 27 and 32.5 million 
hectares, respectively (Table 5.4), however land area requirements could be substantially reduced 
by planting at only those locations which performed best.  These predictions from a broad 
geographic range show that M. x giganteus would require more land than previously predicted, 
yet still considerably less land than would be required for P. virgatum (Heaton et al. 2008, 
Chapter II, Table 5.4).   
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TABLES AND FIGURES 
Table 5.1:  Description of locations where side-by-side trials of Miscanthus x giganteus and Panicum virgatum were planted.  Soil descriptions were from (USDA 
Natural Resources Conservation Service (2012) and Agriculture and Agri-Food Canada (2012).  30 year averages of annual temperature and precipitation were 
obtained from National Oceanic and Atmospheric Administration National Climatic Data Center (2012) and Environment Canada (2012).   
Location 
Lat, 
Long 
Planting 
Date 
Switchgrass 
Variety 
Annual Average 
Temperature (°C) 
Average Annual 
Precipitation (cm) 
Soil Taxonomic Classification,  
Land Capability Class 
Available 
Water 
Capacity (cm) 
Ontario, 
CA 
43.64, 
80.41 
2010 Carthage 6.3 93.85 
Gray Brown Luvisol loamy of clay dominated,  
rolling slope, Well/moderately well drained, 
n/a 
South 
Dakota 
44.37, 
96.79 
June 11-12, 
2009 
Summer 6.1 57.9 
McIntosh- Badger silty clay loam & Vienna- 
Brookings silt loam complex,  0-2% slope, 
somewhat poorly drained, 2s/2w 
High 
25.7-27.7  
Michigan 
42.39, 
85.37 
June 3-4, 
2009 
Cave-In-Rock 9.4 101.2 Kalamazoo loam, 2-6% slope, well drained, 2e 
Moderate 
17.3 
Wisconsin 
43.30, 
89.35 
June 1-4, 
2009 
Cave-In-Rock 7.4 83.3 Plano silt loam, 2-6% slope, well drained, 2e 
High 
27.9 
New 
Jersey 
40.46, 
74.43 
June 10, 
2009 
Timber 10.2 126.7 
Sassafras-Urban sandy loam complex, 0-5% 
slope, well drained,  2e 
Moderate 
19.1 
Illinois 
40.06, 
88.19 
May 21, 
2009 
Cave-In-Rock 10.8 104.3 
Thorp silt loam, 0 -2% slope, poorly drained, 
2w 
High  
26.9 
Kentucky 
38.13, 
84.50 
June 8, 
2009 
Alamo 12.9 116.6 
Bluegrass-Maury silt loams, 2-6% slope, well 
drained, 2e 
High 
29.5 
Oklahoma 
35.99, 
97.05 
May 29, 
2009 
SL 93 2001-1 15.2 93.2 
Teller fine sandy loam, 1-3% slope, well 
drained, 2e 
High 
25.4 
Mississippi 
33.42, 
88.80 
May 21, 
2009 
Ceres EG1101  
(improved 
Alamo) 
16.8 140.8 
Marietta fine sandy loam, 0-2% slope, 
moderately well drained, 2w 
High 
25.7 
Georgia 
32.88, 
82.21 
May, 
2009 
Ceres 1102 
(improved 
Kanlow) 
18.3 114.0 
Dothan loamy sand, 2-5% slope, well drained, 
2e 
Moderate 
18.0 
Louisiana 
30.41, 
91.10 
2009 Alamo 19.4 160.2 
Oprairie silt, 0-1% slope, somewhat porrly 
drained, 2w 
High 
30.0 
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Table 5.2: ID of the weather station nearest to each field site and within 16 km.  Data from stations in 
the U.S. were obtained from NOAA National Climatic Data Center (National Oceanic and Atmospheric 
Administration National Climatic Data Center 2012) and for the location in Canada from the National 
Climate Data and Information Archive (Environment Canada 2012).   
 
Location U.S. State Climate Division Station ID Distance (km) 
ON n/a 6142400 <16 
SD SD 7 391076 <7 
MI MI 9 200552 <9 
WI WI 8 470308 <1 
NJ NJ 2 286055 <2 
IL IL 5 118740 <5 
KY KY 3 154746 <14 
OK OK 5 348501 <15 
MS MS 6 228374 <6 
GA GA 6 095863 <5 
LA LA 6 160549 <15 
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Table 5.3: Dates on which survival of material planted in 2008, or 2009 in ON,  was scored and the 
average percent survival of these original plants  at each location. 
 
 Julian Date DOY % Survival 
Location   M. x giganteus P. virgatum 
ON May 31, 2011 151 100 97 
SD June 23, 2010 174 99 99 
MI June 30, 2010 181 98 96 
WI June 24, 2010 175 95 95 
NJ July 7, 2010 158 94 93 
IL July 26, 2010 207 100 96 
KY June 8, 2010 159 100 96 
OK June 2, 2010 153 100 100 
MS June 5, 2010 156 96 97 
GA June 7, 2010 158 100 100 
LA n/a n/a 95 98 
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Table 5.4: Biomass production and land area required to meet the 35 billion gallons (133 billion liters) 
U.S. renewable fuel goal for Miscanthus x giganteus and Panicum virgatum as previously reported by 
Heaton et al. (2008), as updated based on long-term yields observed in Illinois (Chapter II), and as 
observed in the current study for 2011 across the eastern U.S. and into southern Canada.  Adapted from 
Chapter II. 
 
Source: Heaton et al. 2008 Chapter II Current Study 
 Yield 
(Mg ha
-1 
y
-1
) 
Million 
hectares 
needed for 
35 billion 
gallons  
of ethanol 
Yield 
(Mg ha
-1 
y
-1
) 
Million 
hectares 
needed for 
35 billion 
gallons  
of ethanol 
Yield 
(Mg ha
-1 
y
-1
) 
Million 
hectares 
needed for 
35 billion 
gallons 
of ethanol 
Miscanthus x giganteus 29.6 11.8 23.4 15.0 12.90 27.1 
Panicum virgatum 10.4 33.7 10.0 35.0 10.78 32.5 
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Figure 5.1: Total annual GDD18C across all locations in 2009 (●), 2010 (●), 2011 (● ) and the 30 year 
average (hashed ).  Data from stations in the U.S. were obtained from NOAA National Climatic Data 
Center (National Oceanic and Atmospheric Administration National Climatic Data Center 2012) and for 
the location in Canada from the National Climate Data and Information Archive (Environment Canada 
2012).  Letters indicate each location.
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Figure 5.2: Total annual precipitation (cm) across all locations in 2009 (●), 2010 (●), 2011 (● ) and the 30 
year average (hashed ).  Data from stations in the U.S. were obtained from NOAA National Climatic 
Data Center (National Oceanic and Atmospheric Administration National Climatic Data Center 2012) and 
for the location in Canada from the National Climate Data and Information Archive (Environment 
Canada 2012).  Letters indicate each location. 
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Figure 5.3: Leaf Area Index (± 1SE) of Miscanthus x giganteus (●) and Panicum virgatum (○) as measured 
with a line ceptometer (AccuPAR LP-80; Decagon Devices Inc., Pullman, WA, USA) in the during May and 
June of the 2nd growing season, see Table 2 for specific dates at each location.  Letters indicate each 
location and “All” represents the average across all locations where data was available.  Bars represent 
mean observed yield ± 1SE, ‡ indicates LAI was not measured for this location. ** indicates significant 
difference at α=0.05 and * at α=0.1 between the two species at each location.  
 
** 
** 
** 
** 
** 
** 
* 
‡ ‡ 
 
‡ ‡ 
 
‡ ‡ 
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Figure 5.4: Tiller density (number of tillers meter-2) of (A) Miscanthus x giganteus and (B) Panicum 
virgatum across all locations and at each location where data is available as measured on one date 
during May and June of the 2010 (hashed) (see Table 2 for specific dates at each location) and at time of 
harvest in 2010 (●), and 2011 (●).  Letters indicate each location and “All” represents the average across 
all locations where data was available.  Bars represent mean observed yield ± 1SE, ‡ indicates data is 
unavailable for this location. 
 
‡ ‡ ‡ 
 
‡ 
 
‡ ‡ ‡ ‡ ‡ 
 
‡ 
 
‡ 
 
‡ 
 
‡ 
 
‡ 
 
‡ 
 
‡ 
 
‡ 
 
‡ ‡ 
 
‡ ‡ 
 
‡ 
 
(A) 
 
(B) 
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Figure 5.5: Summary of yield (Mg ha-1) of (A) Miscanthus x giganteus and (B) Panicum virgatum pooled 
across all locations where data is available and at each location in 2010 (●), 2011 (●) , and model 
predictions on the county level  for three year old stands (hashed, Miguez et al. 2011 accessed from 
LeBauer et al. 2010). Letters indicate each location and “All” represents the average across all locations 
where data was available.  Bars represent mean observed yield ± 1SE, ‡ indicates data is unavailable for 
this measure. 
 
 
‡ ‡ ‡ ‡ 
‡ ‡ ‡ 
(B) 
 
(A) 
 
‡ 
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Figure 5.6: Summary of end-of-season yield (Mg ha-1) of Miscanthus x giganteus (●) and Panicum 
virgatum (○).  Letters indicate each location and “All” represents the average across all locations in 2011.  
Bars represent mean observed yield ± 1SE, ‡ indicates data is unavailable for this location.  ** indicates 
significant difference at α=0.05 between M. x giganteus and P. virgatum yields  at each location. 
** 
** 
** 
** 
** 
‡‡ 
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Chapter VI 
 
Concluding Remarks 
CONCLUSIONS 
This work directly assessed the feasibility of M. x giganteus relative to P. virgatum as a 
bioenergy feedstock for the U.S. with the following conclusions: 
1) Over 8-10 years across seven locations in Illinois, M. x giganteus yielded significantly 
more biomass than P. virgatum, averaging 23.4 ± 1.2 Mg ha
-1 
y
-1
 and 10.0 ± 0.9 Mg ha
-1 
y
-1
, 
respectively.  By removing the stochastic effects of weather, it was found that across all locations 
and in both species, yield initially increased until it reached a maximum during the fifth growing 
season and then declined and leveled in the eighth, although this pattern was stronger for M. x 
giganteus than P. virgatum. Based on the average yield over the period of this study, to meet the 
Renewable Fuel Standard mandate of 66 billion liters of lignocellulosic biofuel by 2022, 6.8 
million hectares of M. x giganteus or 15.8 million hectares of P. virgatum would be required. 
2) Across all locations, M. x giganteus yield increased from 23.4 Mg ha
-1
 without 
nitrogen fertilization to 28.9 Mg ha
-1
 (+ 25%) at 202 kg N ha
-1
 and P. virgatum yield increased 
from 10.33 Mg ha
-1
 to 13.6 Mg ha
-1
 (+ 32%) providing evidence that both M. x giganteus and P. 
virgatum respond positively and similarly to N fertilization. However, nitrogen response was 
variable across locations and therefore a one-case-fits-all optimum fertilization rate cannot be 
prescribed.  The location dependence of the nitrogen response suggests that nitrogen limitation 
does not explain the long-term yield decline observed in Chapter II, and therefore other or 
coincident explanations still need to be identified. 
3) Location, nitrogen fertilization, and time of harvest lead to statistically significant, yet 
very small, changes in biomass composition and in turn affect the ethanol yield.  Nitrogen 
fertilization decreased the proportion of hemicellulose, acetyl, and ash and increased cellulose, 
lignin, and biomass yield.  Delaying harvest from October to December significantly increased 
the proportion of cellulose, hemicellulose, and lignin and decreased the proportion of ash and 
extractables.  However, all of these factors also affected biomass yield and have a much larger 
effect on quantity rather than quality of biomass.  Although significant differences were detected 
across environmental factors, these changes were small and almost all under 2% suggesting that 
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if the same clone of M. x giganteus were used at diverse sites servicing a given processing 
operation, feedstock composition would be consistent. 
4) Establishment of both M. x giganteus and P. virgatum was successful at all 11 
locations (GA, IL, KY, LA, MI, MS, NJ, OK, SD, WI, and Ontario) with second year winter 
survival ranging from 93-100%.  Pooled across all locations where data were available in 2011, 
average yields of M. x giganteus were significantly larger than those for P. virgatum (12.90 ± 
1.11 Mg ha
-1
, 10.78 ± 0.72 Mg ha
-1
), but the difference between species was location dependent. 
P. virgatum yielded more than M. x giganteus in Ontario and South Dakota while in Michigan 
and Illinois the opposite was true. At all other locations, there was no significant difference in 
yield between the two species in 2011.  In general, modeled predictions of M. x giganteus were 
higher than observed yields but observed yields of P. virgatum were consistent with predictions.   
While the previously observed higher productivity of M. x giganteus relative to P. 
virgatum is maintained beyond Illinois, this difference is not as large as previously observed. 
Given these yields, meeting the renewable fuel standard production mandate for lignocellulosic 
biofuels with M. x giganteus and P. virgatum would require 6.8 and 15.8 million hectares, 
respectively, however land area requirements could be substantially reduced by planting at only 
those locations which performed best.  These predictions from a broad geographic range show 
that M. x giganteus would require more land than previously predicted, yet still considerably less 
land than would be required for P. virgatum. 
This project provided the first long-term comparison of M. x giganteus to P. virgatum for 
bioenergy production in the U.S. Midwest.  This work concludes that high yields can be 
maintained in the long-term with minimal inputs and the nitrogen response of M. x giganteus is 
similar to that of P. virgatum. Furthermore, this works shows that a suitable and consistent 
lignocellulosic biomass feedstock is obtained from M. x giganteus.  Finally this project 
demonstrates that both M. x giganteus and P. virgatum can be successfully established across a 
broad geographic range and that high yields are obtained throughout this range.  Growth of M. x 
giganteus and P. virgatum is suitable for long-term production of lignocellulosic energy to 
reduce carbon emissions relative to conventional fossil fuels. 
